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 i 
Thesis Abstract  
Technology has the potential to influence the performance of both abled and disabled 
athletes in many sports. For this reason, there is growing interest in performance 
enhancement and injury prevention of athletes through design of new and improved 
sports equipment. The state of the art in current wheelchair sports equipment design, 
demonstrates a steady progression in the process of wheelchair design improvement 
and adaptation to purpose in order to suit different sporting disciplines and game 
roles. However, the process of tuning the design of the wheelchair to suit the 
particular needs of athletes in terms of performance and ergonomic requirements has 
occurred primarily through intuitive effort of experienced coaches and athletes rather 
than from a research and evidence-based design methodology. The research project 
presented in this thesis is concerned with court-based wheelchair sports involving a 
wide range of wheelchair designs with components that can be configured in different 
ways, depending on the sports and athlete requirements. Published research to date 
has not provided a functional relation between the desired ergonomic features of the 
wheelchair design and the specific parameters relating to athletes performance 
objectives. This research aims to achieve this by formulating and applying a systems 
design approach to design customisation of sports wheelchairs. The developed 
method is used to identify a practically feasible, athlete and sports specific high 
performance design space that can be used by designers to determine a wheelchair 
configuration that best matches the requirements of an individual athlete.  
 
This investigation aims to: i) characterise the sports wheelchair activity, including 
performance variables and design parameters in relation to the three main 
 ii 
classification groups of wheelchair rugby athletes (high, mid and low pointers); ii) 
investigate the rugby wheelchair performance indicators both under game and 
laboratory conditions and establish critical relationships between wheelchair design 
parameters and the performance requirements for elite wheelchair rugby athletes; iii) 
identify the relevant design space for design customisation of rugby wheelchairs for 
individual wheelchair rugby athletes and the contribution of each design parameter to 
athlete’s mobility performance; iv) formulate a systems design methodology for 
design customisation of rugby wheelchairs that can be used to determine a high 
performance wheelchair design that best matches the requirements of the individual 
athlete. 
 
Initially, qualitative and quantitative data collected through international online 
surveys, focus groups and questionnaires from elite level wheelchair rugby players; 
resulting in specialist knowledge about wheelchair sports and associated equipment 
requirements were systematically analysed using the Qualitative Function 
Deployment (QFD) method. The QFD analysis was done to identify relevant design 
parameters to be used as a reference in the design customisation of ‘low, mid and high 
pointer’ wheelchairs. Performance considerations relevant for design customisation of 
rugby wheelchairs include acceleration from stand still, velocity, as well as push and 
recovery times, for tasks tests specific to game objective. The research determined the 
values of these performance indicators for the three main groups of athletes. In 
addition, the key wheelchair design parameters of seat height, seat depth, and camber 
angle and wheel diameter have been functionally related to the desired performance 
outputs for each category of athletes. Experimental studies conducted on court and in 
the laboratory (including assessment of agility) indicate significant differences in 
 iii 
acceleration and velocity values in case of single parameter manipulation of at least 
24.5 mm in seat position and 2 degrees in wheel camber. The key outcome of these 
studies is the formulation of the objective performance functions required for 
assessment of the specific game test.  
 
Subsequently, the research extends the Taguchi method by applying quality 
engineering principles of robust design to perform repetitive tests experiments 
involving a range of human-machine interface scenarios (disabled athlete – sports 
wheelchair). The use of the Taguchi method allowed investigation of different 
wheelchair design configurations contained in an orthogonal array of four parameters 
at three levels each; and results were evaluated based on an established performance 
ranking. Specific design factors with levels demonstrating significant effect on the 
performance indicators of acceleration, velocity and push time for the active phase of 
the propulsion task; and recovery time for the passive phase were included in the 
resultant design space. Contribution of each design factor level and direction of 
improvement were recorded for each athlete and a prediction of performance of all 
possible combinations of design features resulted in list of high-performance 
wheelchairs designs for the specific athlete tested. Five elite Paralympic athletes’ 
covering all three main sport classifications participated in this study. Based on the 
identified options for maximum performance of each athlete group, individual athletes 
selected a specific wheelchair configuration from the identified design space based on 
their personal preferences and individual ergonomic assessment for comfort. This 
process has led to the formulation of a systems design methodology for design 
customisation of rugby wheelchairs, which can also be used across other types of 
 iv 
sports wheelchairs given an objective performance function is defined for the sports 
specific application. 
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Chapter 1. Introduction 
Chapter Introduction 
This chapter covers the background behind the research project presented in this 
thesis, the topic of wheelchair sports equipment design for elite athletes and the 
necessity for augmented scientific research within this field. The chapter explains the 
rationale and motivation behind the research and it maps out the research strategies 
in terms of objectives, research questions, expected methodologies and outcomes 
throughout this thesis. 
 
1.1 Rationale 
Disability sports have evolved considerably since 1944, when Guttmann first 
introduced sport as an important aspect of patient rehabilitation [1].  The expanding 
involvement of disabled people in sport is the subject of increasing international 
interest, both for the scientific community and for the abled and disabled public [1].  
This interest is evident from the growth in participation and popularity of the 
Paralympic Games.  The first Paralympic Games, held in Rome in 1960, involved 400 
participants, from 23 countries, competing in eight sports [1-3]. The most recent 
Paralympic Games, held in London in 2012, involved 4237 participants, from 164 
countries, competing in 20 sports [3, 4].  Further, excluding host audiences, the 
London Paralympic Games were watched by a cumulated international audience of 
3.4 billion people [5], representing a cumulated growth of almost 1 billion people 
when compared with an audience of 2.48 billion people, excluding host audiences, for 
the Beijing 2008 Paralympic Games [5]. Given the growth in participation and 
popularity in Paralympic sports, it is not surprising that there is global interest in user-
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centred design of sports equipment to facilitate the performance of athletes in various 
Paralympic disciplines [6-10]. It is also not surprising that the performance of athletes 
and the level of competition have risen to an elite status with the advances in 
technology assistive devices. With approximately 50% of athletes at the London 
Paralympic Games participating in wheelchair sports such as wheelchair athletics, 
fencing, archery, shooting, basketball, tennis and rugby [3], design focus has extended 
to wheelchairs.  
 
The motivation behind this research project lies in a request from the Australian 
Paralympic Committee (APC) for research in wheelchair sports and customised 
technology development to support the performance of Australian Paralympic 
athletes; specifically the wheelchair rugby team. Wheelchair rugby is of particular 
interest to the APC, due to the rapid growth of the sport and the specific needs of the 
participating athletes [11]. Through strategic alliance with RMIT University, the APC 
and the Australian wheelchair rugby coach were seeking to obtain a greater 
understanding of the currently available technology, which might be relevant to 
wheelchair rugby.  In particular, there was a desire to maximize athletic performance 
and minimize energy loss caused by poorly designed wheelchairs. The wheelchair 
design customisation process, which looks at the interaction between the athlete and 
the wheelchair, has been highlighted at the outset as a specific area of interest. 
 
The problem with existing elite sports wheelchairs is that there are evident limitations 
to the level at which they are customised to the individual athlete. The wheelchairs are 
tailored to the athlete’s role on court (defence/offense) and to their body 
measurements; but the process of tuning the design of the wheelchair to suit the 
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particular needs in terms of speed, power output performance or ergonomic 
requirements occurs primarily through intuitive effort of experienced athletes rather 
than from a research and evidence-based design methodology. As mentioned, at 
present, wheelchairs are designed with a specific architecture to suit the different roles 
which an athlete might perform in their chosen sport (whether that be wheelchair 
rugby, basketball, tennis, etc.). Athletes generally use the offense and defence chairs 
according to the sport’s functional classification system, which is based on the 
athlete’s functional abilities specific to the physical demands of each unique sport. 
For example in wheelchair rugby, athletes are assigned one of seven classes (0.5, 1.0, 
1.5, 2.0, 2.5, 3.0, 3.5) [11]. The lower-class points are allocated to athletes with lower 
physical function. Low point athletes typically play defense roles, where the major 
role is to block an opponent from scoring points [12]. Defense chairs have a tendency 
to be longer and have a low centre of mass to provide better stability upon collision. 
On the contrary, the higher-class point athletes (>2.5) have relatively higher upper 
body function, perform major ball handling and sprinting tasks, and usually play 
offense [12]. Offense chairs tend to be shorter in length and width, lighter, and they 
are fitted with guards for protection upon collision from blocking [13]. It is also 
relevant to note that athletes with classes 2.0 and 2.5, often use offense chairs but 
perform both offense and defence roles, as they are athletes with reasonable physical 
function but are not major sprinters. These athletes often execute strategic game play.  
 
While the wheelchairs for most athletes competing in national league or at elite level 
are presently tailored to the particular athlete’s body measurements and competition 
role, the customisation approach used is not performed to any great depth.  Even at 
the elite level the current design process is still a primitive ‘wheelchair fitting’ 
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exercise carried out by wheelchair manufacturers. Despite of considerations of the 
athlete’s anthropometric / body measurements in the present customisation practice, 
the process does not consider the desired performance outputs or ergonomic 
preferences of the athlete. According to extensive interviews and focus groups with 
athletes and coaches, a need remains to understand a number of wheelchair design 
trade-offs, which have an effect on the performance of the individual athlete. A 
simple example will be the detriment to back-tip stability due to the forward 
placement of the wheel axles to achieve better speed, or the detriment to ball reach 
and propulsion technique of the athlete due to lower selection of the seat height to 
improve chair stability [14]. Finding an ideal adjustment of these design trade-offs for 
individual athletes, involves analysis of the athlete’s anthropometrics, as well as 
observation of performance capability.  
However, design trade-offs are difficult to explore due to the lack of a research-based 
methodology for wheelchair design engineering. Currently, it is up to the experienced 
athlete or coach to perform design refinement of the their own wheelchair after 
purchase, this is done via experimentation with several wheelchair models over time. 
These athletes and coaches have developed their own personal views on design 
changes, which might affect their individual performance, but as yet there is no 
systems model or scientifically formulated design methodology to confirm their 
thoughts or indeed to allow consistent application in the design practice. 
Consequently, trial and error experimentation is a given risk. Several athletes have 
expressed they find this approach to be inefficient, expensive and mostly ineffective 
as investment in numerous high-priced wheelchairs, as well as 3-5 years of experience 
playing the sport are necessary to ‘optimistically’ find a perfect chair design. For 
wheelchair rugby, the investment in equipment is approx. AU$7,000 for an 
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aluminium rugby wheelchair; and more than AU$11,000 for Ti [13]. This figure 
draws from current models being built around a welded box frame design which seeks 
to reduce the potential internal loss of energy usage for propulsion into non-stiff 
joints, nuts, and bolts [15]; as well as reducing any unnecessary weight to the 
wheelchair which translates into higher rolling resistance. The fact is that wheelchairs 
have to be robust, and there is a trade-off between robustness and adjustability. For 
this reason, achieving a correct fit at the wheelchair design stage is essential.   
There is a specific interest from athletes and coaches in understanding the measurable 
impact of slight changes to the wheelchair design upon the individual athlete-
wheelchair system’s performance at the design stage (i.e. prior to purchase).  
Additionally, for over twenty years, international scientific literature has consistently 
reported the need for user-centred design of sports wheelchairs to aid athlete’s 
performance [15-18]. This literature provides evidence to suggest that standardized 
wheelchairs can inhibit an athlete's ability to perform the more strenuous movements 
required in their chosen sport [19]. Similarly, this literature suggests personalised 
customisation of wheelchair equipment can improve an individual athlete's 
performance [15, 20]. In wheelchair sports and in any sport where technology is 
essential for performance, the equipment used, needs to be an extension of the 
athlete’s body. Failure to properly fit the equipment to the athlete may result in poor 
performance and could also predispose the individual to accidents or injuries [14].  
 
A number of studies have analysed the effect of varying wheelchair design parameters 
on the performance of athletes [15-18] [19] [23]. However, as yet there has been no 
practical implementation of the combined research findings to produce a reliable 
design model for practical application.  Research to date has not shown a functional 
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relationship between the athlete’s performance objectives, ergonomic preferences, or 
the effect of combined wheelchair design parameter variation on the wheelchair-
athlete system performance.  The interaction between the athlete and the wheelchair, 
the performance objectives, as well ergonomic preferences, need to be better 
understood during the wheelchair design stage to achieve a user-centred design 
solution. In addition, a systematic, evidence-based design procedure for individual 
athletes is vital in seeking a wheelchair design that matches the athlete’s 
requirements.  
 
A wheelchair involves many design parameters, which can be adjusted in many ways.  
Variations to the design of a wheelchair can significantly influence athlete’s 
performance.  For instance, general findings have shown that the seat height of a 
wheelchair significantly affects an athlete’s mechanical efficiency, oxygen intake, and 
push angles and durations [21], which in turn have an effect on the athlete-wheelchair 
system acceleration and velocity performance [22, 23]. The combined weight of the 
wheelchair and athlete also has an important influence on the performance output of a 
wheelchair. In particular, as weight directly relates to inertia it is critical to 
performance both during initial acceleration and at maximum speed [24]. Further, 
there is evidence which suggests that where there is an increase in the angle of the 
main wheels in relation to the vertical (defined by Higgs as the "Camber angle" [25]), 
there is a decrease in the mean velocity due to greater wheel roll resistance.  The 
greater wheel roll resistance is related to a greater surface area of the tyres in contact 
with the ground [26]. Conversely, a greater Camber angle is also associated with 
better lateral stability [27], a shortened turning moment [28], and a higher turning 
speed of the wheelchair athlete system [29]. This last observation is important 
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primarily in court-based wheelchair sports such as Rugby, where the permitted high 
impacts between players, lead athletes to strive for keeping the centre of mass of the 
wheelchair as low as possible to withstand collision on blocking.   
 
In general, the concept of wheelchair configuration for any different design factor is 
known to be a trade-off between ergonomics and performance [14]. An adjustment 
made to a wheelchair to support athlete’s comfort can have a high detrimental impact 
upon that athlete’s performance in a specific movement.  Alternatively, an adjustment 
to improve performance can reduce an athlete's comfort and possibly compromise the 
athlete’s endurance during competition.  To improve an athlete’s performance during 
competition, the athlete and the wheelchair need to be ‘designed’ more realistically as 
a ‘system’ for a specific task.  Finding the right balance between the athlete's tasks in 
competition, capacity, ergonomic preferences and system dynamics during the 
wheelchair design stage is vital in achieving a good design of the wheelchair-athlete 
system [14]. Only then, the trade-off between ergonomics and performance can be 
reduced. 
 
In 2009, Cooper stated that one of the greatest engineering challenges in manual 
wheelchair design is optimizing the interaction between the user and the wheelchair 
[30]. To achieve this, considerable knowledge of materials, biomechanics, 
ergonomics, anthropometrics and human physiology is required, as well as training in 
motor learning skills [30] as wheelchair design is a multidisciplinary process across 
several areas of science and engineering. However, as suggested by Vegter (2013), 
new research tools and methods for experimentation and data analysis are necessary 
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to gain knowledge of these various fields, and thus to improve the wheelchair design 
process [31]. 
 
The research presented in this Thesis, aims to contribute to the field of wheelchair 
sports, as the concept of fine-tuning a wheelchair to an individual user is increasingly 
important within the field of rehabilitation and sport [32]. Further, the application and 
investigation of new wheelchair design procedures has the increasing potential of 
providing benefits not only to elite disabled athletes, but may potentially be 
transferred to a wider community of disabled people participating in sport at different 
competition levels [19]. In turn, this is likely to encourage non-athletes to become 
involved with disabled sport as well as assist athletes and non-athletes alike to achieve 
personal goals more quickly and with less monetary investment.  
1.2 Research Scope 
From a product development perspective, systems design is the process of defining 
and developing the necessary methods and processes to satisfy specific user 
requirements. This research is concerned with court-based wheelchair sports 
involving a wide range of wheelchair designs with components that can be configured 
in different ways, depending on the requirements of the athlete and the sport in which 
they are competing.  
Consequently, the required systems design methodology to be developed through this 
process will be used to convey a model that can be tailored to other wheelchair sports.  
This approach is used to identify a practical design space, which is specific to an 
athlete and their sport, and thus responds to functional relationships between the 
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desired ergonomic features of the wheelchair and the specific performance objectives 
of the athlete. The aim of this systems design approach is to allow field specialists  
(for example physicians, coaches, designers), to find a configuration of wheelchair 
parameters that maximises the athlete’s performance at the wheelchair design stage.  
Specifically, this research will involve the identification of user requirements with 
respect to desired design and performance attributes of rugby wheelchairs, as well as 
the experimental investigation (on the court and laboratory environments) of such 
design requirements in relation to defined criteria for optimum performance. In order 
to perform the above investigations, theoretical methods for performance assessment 
of court and laboratory activity, performance ranking systems, as well as experimental 
designs utilizing (DOE) and Taguchi techniques will need to be developed.  
1.3 Research Objectives 
The primary aim of this research is to formulate and apply a systems design approach 
to personalised customisation of wheelchairs used in sport.  The aim of this systems 
design approach is to allow the search for (and identification of) a set of wheelchair 
design values that allow maximising the individual athlete performance. The 
following four research tasks have been formulated to achieve the set research 
objectives: 
i. characterize the design and performance requirements that are most relevant for 
investigation, as well as the types of movements and roles that the athletes will 
need to perform, including any performance variables and wheelchair design in 
relation to the functional classification system for wheelchair rugby athletes (i.e. 
high, mid and low point class athletes); 
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ii. investigate the most important rugby wheelchair performance in court and 
laboratory conditions to establish critical relationships between wheelchair design 
parameters and the performance requirements for elite wheelchair rugby athletes;  
iii. identify the contribution of each design parameter to the mobility performance of 
athletes, and the relevant design space for customisation of rugby wheelchairs for 
individual wheelchair rugby athletes; and, 
iv. formulate a systems design methodology for design customisation of sports 
wheelchairs that can be used to determine a wheelchair design that best matches 
the performance and ergonomic requirements of the individual athlete.  
1.4 Research Questions 
In order to achieve the research objectives, this thesis will address the following 
research questions: 
1 Which wheelchair design parameters are perceived as most important in 
determining the performance of athletes, such as wheelchair rugby athletes?  
2 Is it possible to quantify the contribution of wheelchair design parameters of 
rugby wheelchairs to the performance of athletes? 
3 How can we systematically relate wheelchair design and athlete performance 
qualities to determine a set of design values for the design of an individual high 
performance ‘wheelchair-athlete’ system? 
1.5 Research Methodology 
The methodology used in this research can be summarized in six key stages. The flow 
diagram shown in Figure 1.1, presents the research methods and outcomes for each 
research stage.  
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Stage 1 focuses on assembling the theoretical framework surrounding the proposed 
research topic and proposed research methodologies. It involves the analysis of 
relevant literature, as well as the collection of valuable information from experts in 
the fields of wheelchair sports (including also requirements for wheelchair 
customisation). This research stage is required to understand the current body of 
knowledge, and to identify the potential for new knowledge contribution to the field 
of wheelchair sports.   
Stage 2 focuses on identifying the most significant design and performance 
parameters for the main classifications of rugby wheelchair users (i.e. Low, mid and 
high pointers). Initially, qualitative and quantitative research involving focus groups, 
interviews, questionnaires, and surveys with national and international wheelchair 
rugby experts is used to define user requirements for wheelchair design customisation. 
Subsequently, the effect of correlations between customer requirements and technical 
requirements (of functional performance) of the wheelchair-athlete system is analysed 
systematically using the Qualitative Function Deployment (QFD) method. The 
objective of this method is to yield the most important attributes of the wheelchair-
athlete system in terms of ergonomics and performance. This will be further evaluated 
through laboratory and field experimentation during research stages 3 and 4. This 
stage of systematic identification of key parameters for experimentation is very 
important due to the high number of wheelchair design parameters that can be varied; 
and in addition, the trade-off effect of wheelchair configuration for different 
individuals. In particular, the use of the QFD method will enable assessment of the 
direction (positive / negative), and the strength (weak / strong) of the effect of the 
correlation for the particular sport (rugby, basketball, etc.), and athlete application 
(low, mid, high point classification). 
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Stage 3 involves the analysis of game activity and key performance tasks (such as 
sprinting or turning), as well as the characterisation of theoretical functions of related 
to high performance for the major classifications of rugby athletes. During this stage, 
the effect of wheelchair design parameter variance (i.e. variation of seat height 
dimensions) on fundamental kinetic variables  (i.e. acceleration) will also be 
investigated. Through this process, dimensional values showcasing significant 
performance effects (p<0.05) will be outlined and considered for further 
experimentation in the following research stage. The direction of performance 
improvement for each major classification of athletes will be presented with a ranking 
system to allow the evaluation of the athlete’s ergonomic preferences and their effect 
on the system’s performance, which will be performed in the next research stage.  
This research stage is founded on extensive court-based and laboratory-based 
experimentation, data analysis, hypothesis testing and model fitting. The outcome of 
this research stage is a ranking system of functions that can serve for evaluation of 
performance according to the individual athlete’s activity on court. The completion of 
this research stage is essential in the process of finding a wheelchair configuration 
that best matches the athlete's requirements at the wheelchair design stage. 
Stage 4 focuses on analysing the wheelchair design trade-off effect on the individual 
performance of various athletes. As explained previously, the wheelchair design 
trade-off between ergonomics and performance is different for each wheelchair-
athlete system; this is due to the individual characteristics of athletic capacity, 
disability type, and body anthropometrics. Consequently, this stage demonstrates the 
steps necessary to analyse the effect of wheelchair design variation on the 
performance of each athlete tested. Further, it shows how to identify which of the 
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wheelchair design parameters and dimensions have a significant contribution on the 
individual performance of each athlete.  
This research stage uses design of experiments (DOE) and Taguchi methodology to 
allow multi-factorial experimentation of wheelchair design parameters at different 
dimensional levels. This methodology is applied to explore trends of performance 
improvement related to the different wheelchair design parameters and dimensional 
levels tested. This research stage also involves Magnitude-based inferences to assess 
the magnitude of the effect and the contribution of the specific wheelchair design 
parameter on the individual athlete’s performance. The outcome of this research stage 
is a set of wheelchair design parameters (and dimensional values) that significantly 
affect the performance of the individual wheelchair-athlete system. This will allow the 
theoretical prediction of performance using only wheelchair design parameters and 
dimensional values with a significant and positive contribution to performance 
(further explained in Stage 5). This research stage is important because it enables a 
‘simplified’ wheelchair design space for optimisation of the performance variables of 
interest (obtained in research stage 3), whereby, minimising the design trade-off effect 
otherwise present by including all design parameters with possible detrimental effects 
to performance. 
Stage 5 covers the theoretical generation and filtering of high performance wheelchair 
design configurations. The procedures in this research stage involve applying part of 
the Taguchi methodology, utilising the ranking system set up during stage 3, and also 
introducing turning parameters to include athlete’s feedback in the selection of the 
optimised wheelchair configuration. Further, validation of selected high performance 
wheelchair configuration is performed either through further experimentation or by 
analysis of existing experimental data.  
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Figure 1.1 Research stages, methods and outcomes. 
 
1 
2 
3 
4 
5 
6 
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Identification of the field of 
research, and potential 
contribution. (CH1&CH2) 
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activity, wheelchair design 
parameters and performance 
requirements for elite 
wheelchair rugby athletes. 
(CH3) 
Wheelchair-athlete system 
performance evaluations and 
establishment of critical 
correlations between 
wheelchair design  and athlete's 
performance. (CH4) 
Design trade-off analysis - 
Identification of significant 
design parameter's contribution 
to the performance of the 
wheelchair-athlete system. 
(CH5) 
Characterisation of high 
performance wheelchair design 
space. (CH6) 
Systems design approach to 
user-centred customisation of 
sports wheelchairs. (CH7) 
Method 
Lit. Review  
Qualitative & Quantitative 
Research + Quality Function 
Deployment 
Court and Laboratory 
experiments,  hypotheses 
testing and model fitting 
Design of Experiments (DOE) 
Taguchi Method, and 
Magnitude-based Inferences 
Taguchi Method, hypotheses 
testing, and performance 
ranking 
User-centred design 
engineering, product 
development methodology 
mapping, and compilation of 
all research stages.  
Outcome 
Theoretical framework + 
research direction 
Key performance based design 
customisation requirements for 
elite rugby wheelchairs (sport, 
role and classification specific 
outcome) 
Theoretical performance 
functions to evaluate during 
wheelchair design 
customisation (sport, role and 
classification specific outcome) 
Relevant design parameter for 
optimisation of performance of 
the wheelchair-athlete system. 
(user-centred  specific 
outcome) 
List of performance optimised 
wheelchair design 
configurations for the athlete to 
select the preferred ergonomic 
variation. (user-centred specific 
outcome)  
Systems design methodology 
for performance based 
customisation of sports 
wheelchairs for elite athletes 
based on optimisation of 
wheelchair ergonomics and 
athlete's performance 
objectives 
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The outcome of this stage is a list of ‘high performance’ wheelchair design options 
available for selection by the individual athlete tested. This list of wheelchair design 
options will include the right configurations of parameters to achieve a specific 
performance outcome. From this point onwards will be the athlete’s decision to select 
the wheelchair according to his/her ergonomic preferences.  
Finally, stage 6 of the research process will focus on formulating a standard design 
methodology for customisation of sports wheelchairs as a reflexion of the process 
followed throughout the case study of rugby wheelchairs. 
1.6 Thesis Overview 
The Thesis is structured using eight chapters. Chapter one describes the rationale 
behind this research topic and covers the objectives, the research questions, the scope, 
and the methodology used to achieve the desired research outcomes. 
Chapter 2 presents a review of the available literature in this field. This review 
establishes the theoretical framework surrounding performance in wheelchair sports 
and design configuration of sports wheelchairs. Specifically, Chapter two investigates 
the various design and performance parameters that are involved in sports wheelchair 
designs and evaluates the reported effects on performance due to changes in design 
parameters of the wheelchair. Areas of research covered in this chapter include 
performance demands in wheelchair sports, wheelchair propulsion biomechanics, 
vehicle mechanics, and wheelchair ergonomics. A particular focus on the sport of 
wheelchair rugby will be adopted towards the end of the chapter, as the following 
thesis chapters will be developed around wheelchair rugby research. 
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Chapter 3 reports on qualitative and quantitative data collated from national and 
international athletes about how different areas of wheelchair configuration influence 
their individual performance. This chapter involves results obtained from interviews, 
focus groups, surveys and forums within wheelchair sports and wheelchair rugby. In 
addition, results obtained through the application of the QFD method will be reported 
and analysed. The purpose of this chapter is to establish the parameters of design and 
performance that are the most appropriate to be explored for customisation and 
optimisation of wheelchair design.  
Chapter 4 reports activity performance data for a group of nine elite wheelchair rugby 
athletes performing different training drills. The quantification of performance was 
clustered for the three main classifications of rugby athletes and included linear 
sprinting and half-court velocity, tangential velocity and turning radius for agility and 
manoeuvrability tests, and frequency of push for assessment of endurance tests. The 
primary aim of this chapter is to demonstrate and outline the different strategies 
related to collection of performance data under dynamic (on court) and static 
(laboratory) conditions. This chapter explains in detail the methods used for data 
collection and analysis; the required instrumentation (including design and 
manufacturing of required equipment) and the characteristics of the experimental 
sample. 
Chapter 5 extends the Taguchi method to an application involving the human-
machine interface; the chapter describes several evaluations and extensions made to 
the Taguchi method and how to apply them to the present design challenge. This 
chapter shows step-by-step procedures of application of different statistical tools to 
confidently obtain the wheelchair design parameters that significantly contribute to 
the wheelchair-athlete system’s performance; and hence, relevant for optimisation. 
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The set of relevant wheelchair design parameters for optimisation of performance are 
reported at the end of the chapter.  
 
Chapter 6 covers the process involved in generating and filtering a high performance 
wheelchair design space for the individual wheelchair-athlete system. This chapter 
reports on the performance results for individual athletes’ as well as on classification 
groups for the group of athletes tested. The data presented in this chapter includes 
performance data from five elite wheelchair rugby athletes (4 Paralympians and 1 
National league player), for a 14m-sprint test using a purpose built adjustable 
wheelchair on a wheelchair ergometer. Four design factors (A: Wheel diameter, B: 
Camber angle, C: Seat height and D: Camber bar depth) were each tested at different 
levels according to the standard L9 orthogonal array. Performance variables of mean 
acceleration ( ), push velocity ( ), cumulative velocity ( ) and time ( ) of the 
push phase (active phase of the propulsion cycle) and recovery time ( ) are analysed 
and results reported. 
Chapter 7 presents the standard formulation of the developed systems design 
approach for design customisation of sports wheelchairs. This chapter summarises 
and standardizes the new process for the design of customised sports wheelchairs that 
respond to individual athletes requirements of ergonomic design and desired 
performance outputs. 
Chapter 8 presents research conclusions and outlines considerations for future 
research.  
axp vp vc tp
tr
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Chapter Summary 
This chapter has established and justified the need for the research into user-centred 
design customisation of sports wheelchairs. The question of whether it is possible, 
and how to systematically relate wheelchair design dimensions and athlete 
performance attributes, to obtain a custom performance-based wheelchair design for 
the individual wheelchair-athlete system is proposed to respond to the main aim of the 
research contained in this thesis; which is, to provide an intelligent systematic design 
methodology for the design customisation of personalised sports wheelchairs. 
Further, this chapter detailed the methodology that is proposed to progressively 
achieve the objectives set up for this research, by answering the specified research 
questions through a series of research stages. The main research stages that are 
proposed involve characterisation of critical design parameters, court and laboratory 
testing, user-centred data analysis and the applications of systems engineering to 
facilitate a systematic design methodology formulation. Although this is only an 
introductory chapter of the thesis, it generates the strategy knowledge required to 
develop this investigation successfully. Additionally, it allows the reader to familiarise 
with the related topics and performed studies through a detailed outline of the 
structure and content of this thesis.  
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Chapter 2. Literature Review: Competitive Performance in 
Court-based Wheelchair Sports 
Chapter Introduction 
Before any studies can be proposed to address the research questions set up for this 
investigation, a review of the existing body of knowledge within the field of 
wheelchair sports, wheelchair configuration, performance assessment of participating 
athletes, and design methodologies available must be performed. This is done to 
understand the dynamics of the problem at hand and the potential of new knowledge 
contribution and optimisation means within the field of research. This chapter 
provides a state-of-the-art review of mobility performance within competitive court-
based wheelchair sports; this includes a review of the characteristics and ergonomic 
configuration of wheelchairs; performance and physiological characterisation of 
athletes, as well as dynamic wheelchair performance models. Additionally, this 
chapter reviews and discusses techniques and methods that are applicable to the 
development of the research outcomes set for this project; this includes user-centre 
approach in qualitative analysis of user needs and design optimization techniques; 
design and systems engineering approach and their evaluation in the sporting 
domain. The information described throughout this chapter is applicable to all court-
based wheelchair sports. However, this thesis has a particular focus on wheelchair 
rugby and particular aspects of this sport will be cross-referenced with diverse 
applicable research methodologies, which will aid the resolution of the research 
questions formulated in Chapter 1. Hence, a particular attention to the theoretical 
frame within wheelchair rugby game dynamics, wheelchairs, athletes, etc. will be 
pursued. Some of the topics discussed throughout this chapter are expected to provide 
insight into the areas involved in solving the first research question, which is, ‘Which 
wheelchair design parameters are perceived as most important in determining the 
performance of athletes, such as wheelchair rugby athletes?’ For this purpose, 
existing methods of performance analysis relating to game dynamics in court-based 
wheelchair sports will be reviewed, as well as available scientific studies of 
wheelchair configuration and physiological characterisation of wheelchair athletes. 
 
 
Court-based wheelchair sports have been developed in response to the needs of 
soldiers and civilians with spinal injuries. The sports were established by Sir Ludwig 
Guttmann after the Second World War as a rehabilitation practice in the Stoke 
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Mandeville Hospital in England, and subsequently further developed into competitive 
Paralympic sports [33].  Paralympic sport is presently governed by the International 
Paralympic Committee (IPC), in conjunction with a wide range of other international 
sport organizations [3].  As of 2013, the IPC recognizes a total of 28 Paralympic 
sports [34], 12 of which utilize wheelchairs for competition in high activity court 
sports (such as basketball or rugby) or stationary wheelchair sports (such as shooting 
or archery).  
2.1 Mobility Performance Related to Court-based Wheelchair Sports  
Various authors have reported that competitive wheelchair sports performance is 
reliant upon three key elements: (1) the athlete and the athlete's work capacity, (2) the 
wheelchair and wheelchair mechanics, and (3) the interaction between the athlete and 
the wheelchair (also known as the wheelchair-user system interface) [14-17, 35].  
More specifically, in relation to the first element, articles by Vegter et al. [31] and 
Goosey-Tolfrey [16] suggest that training can maximise an athlete's performance by 
optimising an athlete's physiological capacity and technique.  In relation to the second 
element, it has been suggested that the function and mechanics of a wheelchair are at 
their optimum when power loss is minimized through reduction of frictional forces 
and improving vehicle mechanics [31].  Regarding the third element, it has been 
proposed that improvement in the wheelchair-user interface is obtained through more 
efficient propulsion biomechanics [14]. Laferrier et al. also highlighted that 
comprehension of the wheelchair-user system interface and wheelchair ergonomics is 
now of great importance to the advancement of wheelchair technology for athletes 
[14, 17, 31, 35]. 
 Chapter 2: Literature Review  | 44 
This research investigates ways of maximising the wheelchair-user system interface 
and considers the impact of equipment optimisation for the improvement of athlete’s 
performance within their chosen sport.  According to Stefanyshyn [36], an good 
wheelchair-user system interface can be achieved by: 
• maximizing the conserved energy (which is returned from the energy provided into the 
equipment); 
• minimizing the energy losses (which is non-recoverable and thus lost); and 
• optimizing the musculoskeletal system of the athlete. 
This study aims to enable a design approach for personalised sports wheelchairs, in 
which, the conserved and lost energy within the system can be used to the athlete’s 
advantage while considering the athlete’s requirements of comfort and desired 
performance. To achieve this, the fundamental concepts of competitive wheelchair 
sports performance need to be understood and will be explored in the following 
sections of this chapter in order to capture the theoretical framework necessary for the 
subsequent methods developed in this thesis which in summary aim to: 
• Identify the contribution of specific wheelchair design parameters to the 
performance of individual wheelchair-athlete systems.  
• Narrow high performance wheelchair designs for the individual athlete 
according to performance data and ergonomic input. 
• Develop a systematic and evidence-based wheelchair design methodology to 
assist the improvement of elite athletes performance. 
2.1.1 Indicators of athletic performance in wheelchair sports 
It is suggested that agility, high acceleration from a standstill position, speed and 
quickness (or reaction time) are the most important indicators of an athlete’s mobility 
within court-based wheelchair sports [17, 37-39].  All court-based wheelchair sports 
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involve a level of ball-handling skills and wheelchair propulsion skills.  The collective 
wheelchair-handling skills of sports such as basketball, rugby and tennis are 
inherently related to forward pushing and backward pulling, explosive starting, 
sudden braking, sprinting, turning, pivoting, and contact blocking [14], noting that 
contact blocking is only allowed in wheelchair rugby.  Despite the similarities in 
wheelchair handling across the different court-based sports, each sport has different 
game dynamics and desired outcomes, which dictate the level of skill required to 
perform a certain task.  Because of this, the definition of ‘performance’ and the 
assessment of it, for a specific athlete are relative to the individual sport and, in the 
case of basketball and rugby, the athlete’s game role (whether that be defensive or 
offensive).  General definitions of the relevant performance indicators for court-based 
wheelchair sports are as follows: 
Agility: Sheppard and Young (2006) defined agility in able-body sports as "a rapid 
whole body movement with change of velocity or direction in response to a stimulus” 
[40].  Agility in court-based wheelchair sports is related to the ability of the 
wheelchair-athlete system to rapidly manoeuvre sudden stops with explosive starts in 
different directions, as well as changes in direction with balance and control at any 
given speed.  In wheelchair rugby and wheelchair basketball, agility is most required 
when avoiding opponents on court while sprinting to score a goal.  Further, athletes 
are also required to get in position to make a ball pass.  In wheelchair tennis, it is 
necessary to maintain balance when changing directions to quickly get to a designated 
position on court to swing the tennis racquet.  
To improve agility, athletes perform drills during training, which involve response 
time, directional change and obstacle management.  Some of these drills seem to be 
adapted by coaches from able body agility exercises and some are wheelchair specific 
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exercises designed by wheelchair sports coaches and sports scientists specialising in 
the field of wheelchair sports; they are targeted at improving sports wheelchair 
handling skills and in some instances, they can serve to test for acceleration response, 
manoeuvrability, and dynamic stability [41]. 
Acceleration from stand still: Acceleration, being the rate of change in velocity, is 
the most important component of speed development [42]. When the coupling 
between the wheel and the athlete’s hand is appropriate (the geometry of the moving 
gear and seat can be adapted to the individual conditions of the wheelchair user), the 
energy from muscular strength can be efficiently converted to a certain amount of 
kinetic energy with the force exerted from each push. Then, the kinetic energy of the 
moving wheelchair-athlete system increases with the square of the speed. The speed is 
then proportional to square root of the number of pushes over the wheel, which is the 
amount of work required to bring the system from rest to the peak speed. That is, net 
force × displacement = kinetic energy, i.e., Fs = ½ (mv2). 
In general, a given push angle on a larger diameter pushrim will involve a higher 
turning moment (where muscular force applied to the pushrim is higher) producing a 
larger tangential force on the wheel, which is directly correlated to velocity gain. 
Similarly, a smaller diameter wheel will generate a smaller resistance moment for any 
given linear resistive force [43]. A study performed by Coutts analysed the first three 
propulsion efforts on a linear task from stand still and found lower velocities for track 
athletes using smaller wheel diameters in comparison to basketball athletes using 
higher wheel diameters. However a track athlete may catch up to a basketball athlete 
at about 12 meters distance. In Coutts’ study, the larger pushrims used by basketball 
players showed an obvious advantage in quick acceleration and, hence, in covering a 
short distance as rapidly as possible. Conclusively, the initial acceleration of the 
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wheelchair, involves generation of a more effective force-time impulse or a greater 
change in momentum during each push cycle with a consequent greater increase in 
velocity and momentum when the initial velocity of the chair is zero or close to zero 
than when maximal velocity is achieved [43]. Similarly, the small diameter wheels in 
the track chair, represents an advantage in achieving higher maximal velocities when 
relatively small changes in velocity and momentum are noted during each push cycle; 
this is due to relatively small force-time impulses being needed during each push 
cycle to maintain a given average velocity. In Coutts’ study basketball athletes where 
found to achieve 61% of their peak speed (4.02 m/sec) during the first push, 73% 
during the second push and 80% during the third push, compared to their tack 
counterparts achieving 32%, 45% and 55% of their peak speed (5.93m/sec) during the 
first, second and third push respectively [43]. The purpose of improving acceleration 
from a standing start is to increase the athlete's ability to achieve maximum speed in 
the shortest amount of time. International elite athletes of all classifications consider 
acceleration from a standing start to be the most important parameter for performance 
in wheelchair rugby and wheelchair basketball [38, 44].  This is due to the often 
abrupt stopping and starting of the wheelchair as well as the very small distances on 
the court in which athletes can increase speed.  Further, quick acceleration can allow 
an athlete to cut across the trajectory of an opponent who accelerates less quickly.   
Acceleration performance is highly influenced by the mass of the wheelchair-athlete 
system, the explosive power of the athlete, the response from the wheelchair, and the 
level of configuration of the wheelchair to the athlete’s anthropometrics.   
Speed: Speed, being the rate of change in position, is essential for more elite 
wheelchair athletes who play offensive roles, as they often cover the length of the 
playing arena to score game points.  The potential kinetic energy losses of the system 
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must be prevented to develop speed in wheelchair sports; this is done by ensuring a 
good propulsion technique and good vehicle mechanics (being low rolling resistance, 
low internal friction).  Speed can also be improved by optimising the weight of the 
system, tyre pressure, gear ratio, wheel bearing maintenance, and other mechanical 
features. 
Quickness: The physiological mechanism of quickness is related to the 
multifunctional capacity of the motor cortex of the brain [45]. Quickness is related to 
the athlete’s kinaesthetic (body awareness) intelligence and reaction time. It can also 
be described as a subconscious decision-making process comprising a rapid reaction 
to a particular situation or information that is visual, auditory and kinaesthetic. The 
implication of this definition for wheelchair sports is that the sports equipment needs 
to be able to perform the athlete’s demands effectively, quickly and with precision 
and accuracy. In other words, the wheelchair needs to be an extension of the athlete’s 
body and needs to be configured to the athlete’s anthropometrics.  
2.1.2 Vehicle mechanics influencing performance 
There are two main activity phases involved during wheelchair propulsion: (i) the 
propulsive phase (or push time), and (ii) the recovery phase (or recovery time). 
During the propulsive phase (i), the values of acceleration, velocity and push time are 
interrelated as the chair moves forward due to the athlete's power input.  The 
generated external power is the product of the work (energy input per unit time) and 
push frequency of the athlete.  During the recovery period (ii), the wheelchair enters a 
deceleration phase due to energy losses arising from rolling resistance, air resistance 
and internal resistance in the mechanical structures of the chair [24, 31, 32, 46].  
Hence, the external power output required to efficiently move the chair forward at a 
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constant speed must be in equilibrium with the energy losses. Correspondingly, the 
external power produced must be greater than the energy losses to accelerate the 
chair.  
According to Van der Woude et al., the power balance principle can be used to 
systematically evaluate the forces and energy sources responsible for the mechanical 
performance of the wheelchair-athlete system. The mechanical performance of a 
wheelchair is subjected to rolling friction caused by the weight of the system on the 
rolling surface, air resistance, as well as internal friction of the mechanical structure 
of the wheelchair. The power balance is then expressed as P! = (F!"## + F!"# + F!"# +𝑚 ∙ 𝑔 ∙ 𝑠𝑖𝑛𝛼 +𝑚 ∙ 𝑎)  v  [32]. Where P is the external power output, Froll is the 
resistance due to rolling, Fair is the resistance due to air, and Fint is the resistance due 
to internal friction of the mechanical structure of the chair (bearings, etc.). These F 
terms are energy losses. The term 𝑎  is the acceleration of the system, 𝑚 is the 
combined mass (wheelchair+athlete) and α  is the angle of inclination (zero for 
standard court surface). The terms ma and mg are not straight loses since they will 
work both ways as the magnitude of the acceleration will be dependant on the weight 
of the chair and the external power will change according to the negotiation of the 
slope of the surface (𝑚 ∙ 𝑔 ∙ 𝑠𝑖𝑛𝛼) [32]. In an effort to improve athlete’s performance 
and power production, the energy losses can be minimized through wheelchair design 
improvement and maintenance [31].  The wheelchair-athlete system will lose energy 
in the form of: 
Rolling resistance: Rolling resistance is considered the major resisting force at low 
velocities [32], which are often observed in court-based wheelchair sports.  Rolling 
resistance is the combined drag caused by caster wheels, tyres and wheel bearings.  
The weight / force placed on the caster wheels, as well as the caster shimmy has a 
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major influence on rolling resistance as well as on manoeuvrability of the chair at low 
speeds [47, 48].  The deformation of the tyres on to the court surface creates friction 
force that dissipates energy of the system.  This deformation is dependent on the 
system’s mass, the court surface, tyre pressure, tread and profile of the tyre, wheel 
diameter, and wheel alignment [31].  Coutts studied the acceleration and average 
velocity of a single subject who performed 36 coast-down trials on a hardwood floor 
in a sport model wheelchair with velocity ranging from 1.28 to 5.31 m/s [49]. In his 
study Coutts calculated the total drag force and power loss as a function of velocity 
from the relationship between acceleration and the square of velocity through a 
regression analysis. The total drag force (N) and the power loss (W) were given by: 
Total drag force (N) = ma + ( Iw × a / rw ) / rw + (Ic × a / rc) / rc; and, Power (W) = 
Total drag force (N) × velocity (m/s). Where, a is the acceleration, m is the total mass 
of the system (wheelchair + athlete + instrumentation), rw and rc are the radiuses of 
the rear wheel and front caster respectively; and Iw and Ic are the moment of inertia 
of 2 rear wheels and 2 front casters respectively [49]. Using this model, Coutts 
estimated a value of 7.4 W as the power loss due to rolling resistance or in other 
words the required power for propelling a sport model wheelchair at a speed of 1.1m/s 
for a 80 kg wheelchair-athlete system on a hardwood floor [49]. The results of Coutts’ 
study were plotted and reproduced in the figures (Fig 2.1) below as indication of the 
drag forces and power loss due to rolling resistance for wheelchair athletes 
participating in court based sports.  
Beneficial strategies to lessen rolling resistance include decreasing the weight of the 
system, optimizing mass distribution over the wheels, increasing wheel diameter, 
ensuring proper wheel alignment and maintenance, and the use of stiffer wheels and 
casters that reduce less when rolling on the ground [14]. 
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a) 
 
b) 
Figure 2.1. Drag force (a) and power loss (b) as function of velocity for a wheelchair basketball athlete on a 
hardwood court. Reproduced from Coutts [49]. 
 
Air resistance: Air resistance is dependent on the drag coefficient, frontal plane area, 
air density and velocity of the airflow relative to the object [31]. Vegter, R. J. et al. 
reported air drag will be below 1N at speeds of 1m/s, while at 5m/s the drag force due 
to air resistance is ±14N, which implies an average power output of 70W due to wind 
resistance only at that wheelchair speed [31]. In court-based wheelchair sports speeds 
are generally of two kinds 1-3m/s – 4-5m/s. High speeds will be achieved during 
sprinting task and likely by athletes in the high classification levels or higher mobility 
than athletes with greater impairment. Coutts reported speeds of up to 5.07m/s for 
wheelchair basketball athletes performing a sprinting task from stand still over a 
length of 35m on hard wood floor [48]. In wheelchair rugby, due to the constant 
stop/start dynamic of the game, a maximum effort/speed is attainable at around 14m 
which is half of the court where the sport is played. Sprint tests over 14m, which will 
be reported in detail in further sections of this thesis, showed average speeds of 
2.78±0.15m/s for wheelchair rugby athletes in higher classifications or level of ability. 
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In general, air resistance in court-based sports is generally considered of minor 
importance, however in wheelchair racing, air resistance is the most important source 
of energy loss [31].  
Internal friction: The major sources of internal friction within the wheelchair are 
wheel bearings in axles and caster suspension, as well as tire pressure and lose nuts 
and bolts. Wheelchair frame deformation arising from force exertion may also impact 
on internal friction and is a common occurrence in composite racing wheelchairs.  
Court-based wheelchairs are often rigid and metal welded, so force exertion does not 
have a major impact on energy loss. However, in wheelchair rugby, high impact 
collisions between wheelchairs is allowed when blocking an opponent, which often 
leads to deterioration in the structural integrity of the wheelchair frame and can 
become a source of energy loss.  Regular maintenance is an important part in the 
performance of the sports wheelchair; in general, depending on the regular use of the 
chair all moving parts need to be inspected, cleaned and tightened, for elite chairs, this 
is a daily practice as the caster bolts become clogged with residual waste such as dirt 
and hair on the court surface. Inspection and adjustment of wheel spokes, caster 
alignment, deep cleaning and lubrication of axle housings, and wheel bearings, all 
occur on a weekly basis. Monthly, the chair is inspected for wheel alignment (toe 
in/toe out), frame cracks or deformations and tyre replacement. Every year, the 
wheelchair is inspected for replacement of part components, such as upholstery, 
rollerblade wheels on the casters, wheel bearings, wheels or frame. Compromised 
bearings can significantly increase the energy required to propel a manual chair, 
however as is a gradual detriment to performance, without regular maintenance the 
user would not notice day to day differences in energy expenditure. Discussions with 
the National Wheelchair Rugby coach suggest the average life of a Paralympics 
 Chapter 2: Literature Review  | 53 
athlete's chair is 1-2 years, 1-3 years, and 1-4 years for high, mid and low 
classification athletes respectively depending on the athlete’s role and size. Further he 
suggests at Paralympics training level, the chair start loosing its performance qualities 
after 6-12 months in average depending on regular maintenance.  
2.1.3 Biomechanics of manual wheelchair propulsion 
During the push phase, the force on the handrims of the wheels exerted by the 
athlete’s hands produce a torque at the wheel axle to increase or maintain acceleration 
and velocity of the wheelchair.  During the recovery phase, the athlete's hands are 
released from the wheels for a period of time before the next push phase starts [32, 
50].  To evaluate the technique for hand-rim wheelchair propulsion, studies have used 
a number of temporal and angular displacement parameters to define when the push 
and recovery phases start and finish.  These parameters are defined as EA = end angle 
(°); HC = hand contact; HR = hand release; PA = push angle; SA = start angle [17]; 
which are delineated in Fig. 1 of Vanlandewijck, Y. et al. [17] and reproduced in Fig. 
2.2. Wheelchair design factors such as wheel size, angle and placement of the 
backrest and seat, as well as wheel camber are directly associated to the athlete’s 
temporal parameters as variation of the user interphase alter the point of contact with 
the wheel (HC, HR, and PA) as well the force magnitude [51]. Similarly, the effect of 
alterations in temporal parameters will impact kinetic values of wheelchair propulsion 
such as cycle time (CT), push time (PT), recovery time (RT), and cycle frequency 
(CF), etc. affecting the kinematic output of the wheelchair-user system when 
performing specific game dynamics [32, 49, [17].  
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Figure 2.2. Wheelchair propulsion temporal parameters. Reproduced from Vanlandewijck, Y. et al. [17] 
The following table (Table 2.1) is reproduced from Vanlandewijck et al. [17] to 
illustrate changes in timing and stroke parameters as a result of changes in overall 
resistance or velocity. In this review article, Vanlandewijck et al. [17] indicated that 
an increase in speed is associated to a decrease in cycle time CT (CT  seconds = 
60/cycle frequency (CF) strokes /minute), which is caused primarily by a decrease in 
PT as shown in a number of studies [17]. According to Vanlandewijck et al. a 
decrease of PT with increasing velocity does not influence the absolute value of the 
push angle, which indicates a higher increased energy expenditure that can be 
associated with a less effective force application, as explained by lower mechanical 
efficiencies found in higher speed conditions [17]. Mechanical efficiency (ME) is 
defined as the ratio of external work (Power output, PO) in relation to the total 
internal energy expended to perform the work (En). That is ME (%) = (PO / En) · 100 
[52]. 
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Table 2.1 changes in timing and stroke parameters as a result of changes in overall resistance or velocity. 
Reproduced from Vanlandewijck et al. [17]. 
 
Although ME can underestimate the true efficiency of a task as improved ME often 
occurs as a result of a greater PO, which according to Woude et al., has a curvilinear 
relationship with oxygen intake with improvement in ME being largely due to 
increased external PO, as opposed to a reduction in VO2 [52]. As a result of this, other 
methods for calculating the efficiency and physiological demand of wheelchair 
propulsion have been utilised such as pushing economy, which is calculated 
independent of the work done and the measurement of ‘efficient’ is given by the 
submaximal VO2 at a given speed [35].  
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In general there is a consensus amongst sports scientists in that efficiency of 
wheelchair propulsion is rather low, even for experienced wheelchair users [32]. The 
low efficiency is accompanied by the direction of force application on the handrims. 
Experimental results have shown that propulsion forces are indeed not tangentially 
directed and not encouraged due to the associated strenuous activity of the 
musculoskeletal system; although it appears to be possible to increase efficiency in 
terms of power production by improving the effectiveness of the force direction 
towards a tangential force rather than a radial force towards the wheel hub [32]A 
measure of effective force application, has been provided as the ratio between the 
effective tangential force and the total exerted force, defined either as ‘fraction of the 
effective force’ (FEF) by Veeger et al. [53], or ‘mechanically effective force’ (MEF) 
by Boninger et al. [54], with the latest being the percentage of the resultant force 
leading to forward motion. The low efficiency and FEF, found in various studies 
reported in the review article by Vanlandewijck et al. [17] indicated that the effective 
force for forward motion is between 50 and 80% of the total force applied to the 
handrims, and that the nontangential force direction recorded in the findings is not the 
result of insufficient experience or poor proficiency given that elite athletes show FEF 
values well under 100%. Although low FEF can be explained from mechanical 
constrains of the human musculoskeletal system, particularly according to the 
physical impairment (i.e paraplegic or quadriplegic) there are different strategies that 
athletes use in order to counterpart functional deficiencies. In general, the magnitude 
of the push angle in wheelchair users remains more or less steady but shows a forward 
shift with increasing speed. The athlete’s functional ability will establish the 
orientation of the wrist, production of effective force and push angle on the hand rim. 
Individuals with quadriplegia position their hands more backward, relative to 
 Chapter 2: Literature Review  | 57 
topdead-centre, as compared with individuals with paraplegia due primarily to trunk 
stability. Further, applying force towards the back of the wheel could also be a 
compensating strategy for lack of triceps. [17, 32].  
When propulsion velocity increases, higher segmental velocity of the upper limbs 
must be generated, to effectively apply forces to the hand rims. Therefore, an 
increased backward arm-swing is needed to generate a greater acceleration of the 
hand before contact with the rim. In a group of 40 highly trained male wheelchair 
athletes, Vanlandewijck et al. [17] found that the displacement of the hand during the 
recovery phase increased by >20% as velocity increased from 1.67 to 2.22 m/sec 
under equal power output conditions. Both the accelerated backward arm swing and 
the preparation for hand contact result in an increased muscular activity. Hence, in 
increased energy consumption and, consequently, a lower mechanical efficiency.  
The methods of measurement used to define hand contact and hand release involve 
instrumentation for analysis of kinematics (movement) as well as kinetics (force), as a 
combined cinematographic/kinetic approach significantly increases the accuracy of 
hand contact/hand release identification [17]. The wheelchair propulsion is performed 
on treadmills or static rollers (ergometers). Three-dimensional data cameras placed on 
both sides of each subject capture kinematic analysis of markers placed on the hands 
of the wheelchair user and rear wheel axle of the wheelchair. The plotted x and y 
coordinate positions of the markers used on each subject’s hands define the 
propulsion patterns. Given that the propulsion phase is a guided movement of the 
hand on the wheels [32], all propulsion patterns commonly referenced in the literature 
are characterized by the wrist path performed during the recovery phase. These 
patterns are Semi-circular (SC), Single looping over propulsion (SLOP), Double 
looping over propulsion (DLOP), and Arching or Pumping (ARC), which are 
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presented in Boninger, M.L., et al. [55], and reproduced in the following figure (Fig. 
2.3). 
 
Figure 2.3. Wheelchair propulsion patterns. Reproduced from Boninger, M.L., et al. [55]. 
A general review of existing published studies shows there is no prevalence of a 
preferred type of propulsion pattern within regular users of manual wheelchair.  It is 
not understood why users implement different patterns during the recovery phase. It 
has been observed that wheelchair propulsion is performed in a way that comes 
naturally to each individual, where wheelchair users adapt their stroke pattern to 
accommodate their propulsion environment [56]. Ritcher et al. studied stroke patterns 
for both level and uphill propulsion on a treadmill [56].  In their study it was found 
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the majority of subjects (73%) adopted the arching pattern when pushing uphill, with 
a large percentage of subjects (42%) using arching for level propulsion and none of 
the subjects using a semi-circular pattern (where a subject's hand travels below the 
push rim during recovery) [56].  
A study by Boninger et al. [57] had correlated high propulsion cadence (frequency of 
push) with risk of median nerve injury.  A later study by the same research group 
investigated wheelchair propulsion patterns in a high sample group at two constant 
velocities of 0.9m/s and 1.8m/s [55]. In this study, the semi-circular pattern was 
associated with low cadence and a high push time at a given speed.  In turn, the semi-
circular pattern was recommended as the preferred propulsion technique encouraged 
as a way to reduce the risk of median nerve injury [55].  A study by de Groot et al. 
[58] argued that it might be difficult to reduce push frequency and maximize 
metabolic efficiency as these are conflicting interests.  Similar to the Boninger study, 
de Groot found that the semi-circular pattern resulted in a lower push frequency and a 
greater push time than the arcing pattern.  However, the arcing pattern resulted in a 
higher gross mechanical efficiency (being the ratio of work accomplished to the 
amount of energy expended to do this work) than the semi-circular pattern, where 
more explosive power is produced requiring less metabolic demand.  The arching 
pattern also had the highest stroke frequency [58].  
Both the Boninger and de Groot studies were based on data using stationary 
ergometers, an instrument which simulates pushing on a level surface where rolling 
resistance is considered but the inertial effects of the wheelchair-athlete system 
propulsion ignored [59].  Vanlandewijck et al. performed a study with 40 wheelchair 
basketball players pushing at 2 speeds on a level treadmill [59].  This study found that 
due to the inertial forces acting on the wheelchair-user system as the arms swing 
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backward and/or the trunk returns to an upright position, the wheelchair continued to 
accelerate during the recovery phase [59]. 
Finally, Koonz et al. classified propulsion patterns during start-up (first 3 strokes) 
over surfaces of high-pile carpet, linoleum, and up a wooden ramp with a 5° 
inclination[60].  Their study concluded that an arching pattern is frequently used to 
initiate propulsion from rest, which is then converted to other pattern types as the 
stroke number increased.  Further, higher velocities during start-up were achieved by 
individuals who converted to, or were using, an under-the-rim hand trajectory in 
contrast to the subjects who continued to use the arching pattern [60].  Therefore, the 
researchers suggested that a pattern where the hand drops under the push rim may 
enable individuals to reach steady-state and functional speeds sooner [60].  
The hand trajectories during the recovery phase and the effects on propulsion 
efficiency, and biomechanics, have been investigated in several studies [55, 58, 60, 
61] as explained previously. The semi-circular pattern has been associated with higher 
efficiency, larger push angles, and lower stroke frequencies, higher distances and 
velocities [55, 60].  Short, high-frequency strokes have been linked to overuse injuries 
[57].  However, research directed towards providing wheelchair athletes with a 
suggested propulsion technique aimed at improving their performance during 
competition has not been established.  This type of research may be relevant as 
requirements of propulsion to suit game dynamics in particular explosive start-up, can 
conflict with the proposed guidelines established by previous studies.  
With respect to the kinetics involved in wheelchair propulsion, a combination of 
radial, axial and tangential forces [23] are present as a consequence of the contact and 
guided movement of the hands on the circular shape of the rim [32].  In Boninger’s 
study [55] kinetic data was collected using a SMARTWheel, a modified wheel that 
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measures 3-dimensional forces and moments occurring at the push rim [55].  With 
available force magnitudes in x,y and z coordinates, the resultant force (F) applied to 
the pushrim can be calculated by vector addition.  The radial force (Fr), which is 
directed towards the axle of the wheel, and the tangential force (Ft), which is directed 
tangential to the pushrim comprise the resultant force (F).  In Boninger’s study, the 
temporal parameters of push time and recovery time, as well as the cadence or 
frequency of propulsive stroke, were measured by using the SMARTWheel output. 
The literature reports that any force that has a tangential force component, or that is 
applied tangentially to the handrims will contribute to propulsion [32].  Further, as 
previously explained tangential propulsion forces have been described by Boninger et 
al. and other authors in their studies, as ‘mechanically most effective’ [23, 62].  
Robertson et al. studied Pushrim forces and joint moments, and findings showed 
radial forces averaging between 34 and 39N and tangential forces ranging on average 
between 66 and 95N, which is consistent to other studies. Further, tangential forces 
were higher than radial forces, and mean ratios of tangential forces to the resultant 
force were approximately 75%, whereas mean radial force ratios were approximately 
22% [63]. 
Conversely, experimental results by Veeger et al. suggest that propulsion forces are 
not naturally tangentially directed and that encouraging practice of propulsion 
techniques aiming for tangential force propulsion may hinder propulsion efficiency 
due to the mechanical constraints of the human musculoskeletal system [53].  In 
general, training and encouraging athletes to adopt a tangentially propulsion technique 
is a controversial topic in some biomechanics studies as some researchers argue that 
tangential propulsion force is physiologically less efficient and more prone to 
prevalence of shoulder injury arising from a higher production of power around the 
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shoulder joint [32, 53, 64].  However this does not imply that exercise and training, as 
part of a learning curve, can improve task proficiency and, later, task efficiency [32]. 
2.1.4 Performance and physiological characterisation analysis involving 
athletes participating in wheelchair sports 
In addition to the associated topics discussed in section 2.1.1 through to section 2.2.3; 
other characterisation studies are available which have specifically analysed 
wheelchair athletes performance related to game dynamics and which have correlated 
the results and methods with biomechanics analysis and wheelchair configuration. 
 
• Sprinting performance: The ability to sprint is highly regarded in all 
wheelchair sports. In wheelchair racing is required both for long-distance 
races e.g. change in pace, sprint start/finish as well as the speed required 
completing shorter distances as fast as possible [65]. For basketball, rugby and 
tennis as they are multiple-sprint based wheelchair sports, the player’s ability 
to accelerate from a standstill is considered most important. For these athletes 
testing speeds over 20m is often irrelevant [65]. In relation to the sprinting 
performance of court-based wheelchair sports athletes, a study by Coutts, 
utilized the mathematical relationships of drag force and power loss [49] to 
report the findings of measurements of the wheelchair drag and maximal 
sprint performance abilities of nine male and eight female wheelchair 
basketball players. Results of Coutts’ study are reproduced in table below as a 
representation of the maximal sprint performance and power outcome of 
athletes participating in court based wheelchair sports.  
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Table 2.2 Sprint performance of wheelchair basketball players. Reproduced from Coutts [48]. 
 
Coast-down trials were performed at speeds between 1-1.5 m/s) to maximal (4.5 m/s) 
over six trials for determining wheelchair drag and then, maximal sprint trials were 
performed from a stationary start over the length (35 m) of the gymnasium floor. Drag 
force during the coast-down trials and the power output during the sprint trials were 
determined and compared across gender. Coutts reported no significant differences 
between the means of the male and female groups in age (27 vs. 28 yrs), wheelchair 
mass (12 .0 vs. 11 .61 kg), or regression predicted drag forces at speeds of 2 m/s (5.3 
vs. 5.5 N) and 5 m/s (16.7 vs. 13.5 N). Male subjects were heavier (78.3 vs. 59.1 kg) 
and maintained a higher tire pressure (123 vs. 94 psi). In the sprint trial results, the 
males exhibited a significantly higher maximal speed (4 .75 vs. 4.08 m/s), higher peak 
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acceleration (1.32 vs. 1.03 m/s2), and a higher peak power output (530 vs. 264 w) 
[48].  
• Propulsion kinetics: Goosey-Tolfrey et. al investigated propulsion kinetics of 
six wheelchair racers at two different speeds, 4.70m/s and 5.64 m/s, on a 
wheelchair ergometer. The study assessed the change in propulsion kinetics 
with an increase in speed. The hypothesis tested was that propulsive force 
would increase in proportion to speed, to accommodate the additional work 
required. Data was collected using eight pairs (16 in total) of strain gauges, 
mounted on four bars attached to the hand-rim of a racing wheelchair wheel, 
which measured the medio-lateral and tangential forces applied to the hand-
rim. A single on-line (ELITE) infrared camera operating at 100 Hz was also 
positioned perpendicular to the wheelchair ergometer to record the location of 
the hand with respect to the hand-rim [66]. This study showed that peak 
tangential force occurred when the hand was positioned on the hand-rim 
between 140 and 180°. The hypothesis was verified with the peak handrim 
forces applied tangentially increasing from 132 to 158N and those applied 
medio-laterally increased from 90 to 104N with the increase in system’s 
speed. The ratio of tangential to total measured force was 80% at the speed of 
4.70m/s, which is a comparable speed to court-based wheelchair athletes. It 
was concluded that wheelchair racers adopt a different propulsion strategy 
than that employed in everyday chairs and that the forces increase in 
proportion to propulsion speed [66]. There was no specific data found for the 
case of court-based sports, however, propulsion technique patterns and 
differences in force application at maximal effort can be expected with 
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increase in speed during sprinting performance for court-based athletes as well 
[55, 56]. 
• Physiological testing with disabled athletes: A set of guidelines for 
physiological testing with disabled athletes has been developed by Goosey-
Tolfrey to implement safe and effective testing procedures for the disabled 
athlete and assist with the challenges presented by testing with athletes 
displaying many different types of disability and classifications (e.g. cerebral 
palsy or spinal cord injuries (SCI)) [65]. According to these guidelines, 
important points to consider for testing protocols in this investigation are 
related to: 
- Pre-test considerations to avoid compromising testing results such as 
bladder issues, unusual spasticity or autonomic dysreflexia [65]. 
- Chair transfer environment to avoid fractures, and hazards [65]. 
- Minimal clothing for testing, ensure sufficient strapping for trunk and 
lower extremities stability. Always record chair configurations and 
strapping details [65]. 
- Ensure suitable globes, and regular operating conditions of propulsion 
such as use of glue on handrim is present. 
- Cease exercise that aggravates chronic shoulder joint pain as overuse 
injuries are common to wheelchair users [65]. 
- Ensure a ventilated environment and a thermally neutral environment 
as the majority of participants with SCI have impaired 
thermoregulatory capacity. Ensure that the physiology laboratory has 
air-conditioning to perform testing [65]. 
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- A variety of exercise testing modes can be used for the physiological 
assessment of the disabled athlete. Adapt equipment as needed based 
on testing considerations. The main advantage of wheelchair exercise 
is its specificity for wheelchair users, especially if the athlete’ sporting 
wheelchair is used. However, a main disadvantage of wheelchair 
ergometry is that mechanical efficiency is lower, because of increased 
energy expenditure arising from isometric muscle activity required to 
stabilise the trunk during the application of force to the hand-rim [65]. 
- If a wheelchair ergometer (werg) is used, record the braking force. 
This is used to adjust the rolling resistance of the rear wheels on the 
rollers. The braking force is provided principally by the weight of the 
participant and their wheelchair [65]. 
- Guidance for werg speed ranges (uk athletes) [65]: 
-Wheelchair racers (mixed) – 2.7 to 7.5 m.s−1 (0.9 m.s−1 increments) 
-Male wheelchair basketball – 1.5 to 3.8 m.s−2 (0.2–0.4 m.s−1 increments) 
-Female wheelchair tennis – 0.9 to 1.8 m.s−1 (0.2 m.s−1 increments) 
-Male wheelchair tennis (open class) – 1.2 to 3.0m.s−1(0.2 m.s−1 increments) 
-Male wheelchair tennis (quadriplegic class) – 1.0 to 2.4 m.s−1 (0.2 
m.s−1increments). 
- Maximal effort on an ergometer: To satisfy the muscle force-velocity 
relationships an optimal braking load is required. However, no optima 
have been agreed. Protocols with limited resistance create a ceiling for 
achievable PPO rather than muscular function. Hence, some 
researchers have kept wheeling speed to 3 m.s−1, to avoid difficulties 
in propulsion technique [65]. 
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Field-based testing: Since laboratory tests require the use of specialised and expensive 
equipment that is not accessible to every one, efforts have been made to develop 
appropriate field tests [65]. 
2.1.5 Dynamic wheelchair performance models following straight and 
curved lines. 
A recently published study by Chenier et al. [67] based on methods of field 
measurement characterisation, developed a new dynamic model of the wheelchair-
user propelled on straight and curvilinear paths. This model is of significant relevance 
for testing performance of wheelchair athletes, since wheelchairs ergometers only 
work on a straight-line model without taking caster behaviours into account and are 
currently not capable of measuring propulsion on a curvilinear path. Hence, only 
measurements of velocity and accelerations on a straight path are possible, when 
court-based sports performance is highly dependent also on wheelchair 
manoeuvrability and turning ability. The proposed models are [67]: 
a) Wheelchair-user system propelled on straight line (WSL):  
The dynamic behaviour of a wheelchair at normal speed on a straight path on level 
ground is given by (m  𝑥 =  𝑀! appi  / rR - sgn (𝑥) Froll ), where m is the mass of the 
system; 𝑥  and 𝑥   are the system’s linear velocity and acceleration; Mappi is the  
moments applied on the rear wheel i by the user, rR is the radius of the rear wheels 
and Froll is the rolling resistance force caused by the deformation of the wheels on the 
ground.  
On the wheelchair ergometer the WSL is given by ((m / 2) (rR 𝜃 Ri) = Mappi    /  rR  - 
sgn (𝜃 Ri) Froll / 2), where  𝜃 Ri and  𝜃 Ri are the angular velocity and the angular 
acceleration of the wheelchair’s rear wheel i. [67]. 
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b) Wheelchair-user system propelled on curvilinear paths (WSC): 
The WSC model made a few assumptions such as constant vertical moment of inertia 
and hence position of centre of mass of system, rolling resistance is constant and 
equally distributed, rolling resistance is due to caster wheels, effect of caster wheels 
on inertia of global system is reduced to resistance forces acting against the centre of 
mass. Below is a reproduction of the diagram from which the model was derived.  
  
Figure 2.4. Dynamic model of the wheelchair-user system (reproduced from Chenier et al. [67]) 
The model estimates kinematics of the both rear wheels as a function of the applied 
moment to the wheel by the user, and given by: (m  𝑥 = 𝑀!""! +𝑀!""!) /rR - !!"##!  
(sgn (𝜃!!)  cos  (∝!) + sgn (𝜃!!)cos  (∝!)). The angular acceleration in each wheel is 
expressed as a function of the wheelchair’s linear acceleration and it’s angular 
acceleration around the centre of the system or reference frame ‘o’ (in fig. 2.4). The 
theoretic model considers expressions for moment of inertia of the system round the 
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‘o’ reference frame (𝐼!"), orientations (∝!   &   ∝!) and angular velocity of each caster 
wheels (𝜃!  &  𝜃!). 
The advantage of this characterisation process performed by the authors of the study 
described above is that it employs instrumented wheels to facilitate field-testing, and 
the obtained outcome can be very accurate. However, some important variables such 
as constant centre of mass and inertia have been assumed to simplify theoretical 
model and method of analysis; these variables can be critical during maximal effort 
such as springing or agility testing. Further, in the scenario of wheelchair 
configuration testing on court, centre of mass measurement and analysis is important 
for determination of rolling resistance on the caster wheels due to adjustment of 
parameters such as for/after position for instance. In this case the controlled 
environment that the wheelchair ergometer provides, is a better option.  
2.1.6 Performance requirements in wheelchair rugby 
Wheelchair rugby is a relatively new sport; it was created in Canada in 1977 and was 
awarded full Paralympic medal status at the 2000 Sydney Paralympic Games.  Male 
and female athletes with impairments in all four extremities participate in the sport. 
The sport is played indoors in a regulation-sized basketball court of 28m long and 
15m wide.  The aim of the game is to score goals by crossing the opposing team’s 
goal line while in possession of the ball.  The ball can be passed, thrown, batted, 
rolled, dribbled, or carried in any direction subject to the restrictions set by the 
International Wheelchair Rugby Federation (IWRF) rules [68].  The main goal of 
rugby wheelchair configuration is rapid response in acceleration, braking and turning, 
as these are the major demands of the game.  It has been reported in a study 
performed by Sporner et al. that a team of wheelchair rugby athletes will travel an 
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average of 2364.78±956.35 meters at 1.33±0.25 m/sec, with 242.61±80.31 stops and 
starts in 29.98±11.79 minutes of play per game (mean and standard deviation)[69].  
To the knowledge of the author, there are no studies reporting on the percentage of 
activity dynamics in wheelchair rugby however for wheelchair basketball, Coutts 
reported that 36% of the game time for two wheelchair basketball athletes was 
braking activity and 64% of the game time consisted of propulsive action [70]. 
Coutts’ study also observed high intensity propulsive (>50W) or braking activity (<–
50W) for approximately 10% of the game time [70].  Wheelchair rugby activity will 
be somewhat comparable to this data as the game dynamics of acceleration, braking 
and turning are similar [17].  In this fashion, acceleration from a stand still position is 
a variable of the utmost importance to wheelchair rugby, particularly for offensive 
players, as it is required to be performed often and maximised after every stop to 
achieve high velocities for goal scoring. 
Also arising from Sporner’s study in relation to quantification of activity by rugby 
athletes’ classifications is the concept that overall distances travelled by high point 
and low point athletes are not overly different.  Although high point athletes manage 
higher average speeds and stop and start less than low point athletes [69]. This may 
indicate that in potential experimental studies for the purpose of this research the 
focus can be placed on short distances, as this is where the major differences may 
appear.   
Another important activity in wheelchair rugby is the high-speed impact between 
wheelchairs.  This is integral to the sport as players use chairs to block and hold 
opponents as a means to stop the opposing team from scoring.  As a result, and for 
safety and performance reasons, athletes strap themselves to the wheelchair frame to 
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increase balance and prevent falling or shifting of the sitting position during contact 
[17]. 
With the aim of minimizing energy losses and improving balance and safety, athletes 
strap themselves to the wheelchair by using waist, leg, and foot straps to secure their 
body to the chair.  The waist strap is utilized depending on the trunk balance of the 
athlete.  The higher the trunk function, the lower the positioning and the size of the 
waist strap.  Some athletes position the strap at the hip level, and severely impaired 
athletes will if needed place another strap at the abdomen or chest level.  The leg strap 
is placed between the athlete’s thighs and is used to secure the athlete's legs, to avoid 
lateral movement and to create a lap pocket in which the athlete can carry the ball.  
The foot straps are used to restrain the feet, and place them away from the ground and 
front bumper where the impact to the chair occurs.  Other additional equipment used 
includes tape in fingers and forearms to avoid pressure sores, and gloves and sticky 
glue to maximize power output by effective force exertion on the wheels. 
2.2 Athletes characteristics and functional classification 
Generally, athletes with physical disabilities (for example amputations or spinal 
injuries) are involved in wheelchair sports such as wheelchair basketball, tennis and 
rugby.  Other disability groups may include cerebral palsy, muscular dystrophy, polio, 
and other neurological conditions, which affect the muscle strength and mobility of 
arms and legs.  Athletes of all ages, size and weight can participate during a game in 
any of the above sports.  To ensure equitable competition, each of these sports has its 
own functional classification.  The classification process assesses physical capacity 
(skill, fitness, power, endurance, tactical ability and mental focus of the athlete) and 
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determines which athletes are eligible to compete in a sport and how athletes are 
grouped together in a team for competition [34].  After classification takes place, each 
athlete is provided with a ‘sports class’.  People involved in the sports often refer to 
the sport classes by using a range of numbers (points) to identify athletes or 
wheelchairs (i.e. high, mid or low point athletes).  The following is a brief description 
of the classification system in each sport: 
 
Wheelchair tennis: two classes; ‘open class’ (lower body impairment and full 
function in upper body extremities), and ‘quad class’ (impairment affecting arms and 
legs, which limits athlete’s ability to handle the racket and to move the wheelchair 
compared with open class athlete). The International Tennis Federation (ITF) is 
responsible for functional classification of wheelchair tennis athletes [71].  
 
Wheelchair basketball: wheelchair basketball is played by a diverse group of 
athletes; most of them paraplegic athletes with full functionality of the upper 
extremities.  Any differences between athletes’ functional capacity and ability are 
determined by range of trunk function according to the functional classification set by 
the International Wheelchair Basketball Federation (IWBF).  The sport-specific 
functional classification assigned to the athlete is a number in the range of 1.0 to 4.5 
[72].  The sport has defence/offense (outside basketball) and centre players (inside 
basketball) and their chairs are fitted accordingly.  Defence/offense players favour 
manoeuvrability and fast acceleration, and centre players favour height to play in the 
bucket [17]. 
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2.2.1 Wheelchair rugby athletes 
Wheelchair rugby is specifically designed for athletes with Tetraplegia 
(Quadriplegia), upper and lower extremity function is restricted depending on the 
level and completeness of the lesion in the spinal cord. Based on the IWRF 
classification manual and an athlete's level of mobility, athletes are allocated one of 
seven sport classes ranging from 0.5 to 3.5 [11], which in most cases determines an 
athlete's specific position on court and role in game strategy. Table 2.1 outlines some 
of the characteristics of athlete classifications with respect to wheelchair propulsion. 
Table 2.3 Characteristics of wheelchair rugby athletes functional classification. (Adapted from [11]). 
0.5 
Typical role on court is defense / blocker. 
Sits low in wheelchair.  
Covers a short distance/volume on court. Shows a relatively slow      transition/recovery from one function to the 
next.  
Forward head with bob when pushing.  
Uses back quarter of wheel to stop, start and turn; often uses forearms to turn and stop. 
Flexes trunk forward and use forearms to press down on wheel to decelerate/stop. 
Unopposed biceps-push with abduction of the arm and internal rotation of shoulder. Demonstrates consistent 
proximal shoulder instability.  
1.0 
Typical role on court is defense / blocker. 
Multidirectional start, stop and turn—including wheeling backwards. 
May have slight head bob throughout pushing, especially visible in starts.  
Triceps-push with longer contact on wheel actively propelling, may have some ability to reverse pushing on back of 
wheel. 
Shoulder strength is more balanced compared to the 0.5 athlete; hence, arms are less abducted during pushing. May 
use wrist extensors to hook under rim when pushing. 
2.0 
Good shoulder strength and stability, allows for very effective pushing, quick stops, starts, turns. 
Increasing role on court as a ball handler. Rims the ball using wrist flexion with wrist in neutral or flexed position. 
Limited to no finger function. Effective chest pass with control and consistency; typically flat if maximum distance. 
Control and distance in overhead pass is limited. 
3.0 
Typical role on court is offense, very good ball handler and fast play maker. 
Ability to grip wheel rim can increase pushing control and speed, especially in stops, starts and turns. 
Normal shoulder, elbow and wrist strength; finger flexion and extension with weakness in flexion in the MCP joints 
and/or thumb opposition and abduction. Uses functional finger function in flip pass, rimming the ball, stabilizing with 
opposite arms to allow greater reach. Strong ball security in all positions. 
1.5 
2.5 
3.5 
 
These classes were created for individuals whose movement abilities “fall between” whole point classes because they 
display asymmetrical or varied upper extremity and/or trunk function, e.g. 
Asymmetrical push; asymmetrical arm function. 
One-sided ball handling skills. 
Turns towards weak side with more skill, strength and speed than toward strong side. 
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Athletes with a sport class between 0.5 and 1.5 are normally referred to as ‘low point’ 
(LP) athletes and play defence.  Athletes classed between 1.5 and 2.5 are commonly 
referred to as ‘mid point’ (MP) athletes who play ball strategy.  Athletes classed 
between 2.5 and 3.5 are referred to as ‘high point’ (HP) athletes and generally play 
offence. The higher number is intended for those athletes who have higher function on 
court and the lower numbers for those athletes with less function on court.  
2.3 Wheelchairs 
A wheelchair involves numerous components, which can be varied in different ways. 
Manufacturers of sports wheelchairs offer a wide range of customizable part 
components to suit athletes’ needs and preferences for their chosen sport [13].  The 
latest commercially available technology for sports wheelchairs has used wheelchair 
propulsion and materials science guidelines as well a sport-specific knowledge, for 
the advancement of some of the most prominent design features such as the use of 
titanium and aluminium frames; nylon/velcro upholstery; high performance wheels 
and protective spoke guards; rubber and foam handrim surfaces; and higher wheel 
camber to lower the centre of mass of the chair. This is done with the aim of 
advancing the wheelchair design in terms of manoeuvrability, stability, ergonomic fit, 
etc.  
The wheelchairs used in basketball, rugby and tennis are all similar in structure as the 
dynamics of these sports are much the same. Therefore, the same design configuration 
principles apply for all wheelchairs except for a few sport-and-athlete-specific 
features.  Basketball wheelchairs are lightweight, have a similar configuration to daily 
wheelchairs, use level seating angles and may or may not include front bumpers.  
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Rugby wheelchairs are much heavier due to the reinforced cross section of the frame 
and the inclusion of wings and bumpers as they are mandatory to withstand heavy 
impacts between wheelchairs.  Tennis wheelchairs are designed to permit full range of 
motion of the athlete’s trunk, so there is a preference for little to no seat-dump and 
rigid lower back rests.  Experienced wheelchair tennis athletes use a single front 
caster or even a single anti-tip caster as shown in Fig. 2.5c to make the chair more 
responsive in turns, although this setting reduces diagonal stability [14]. Figure 2.5 
present the types of wheelchair used for basketball (Fig.2.5a), rugby (Fig.2.5b), and 
tennis (Fig.2.5c).   
 
   
a)  b) c) 
Figure 2.5. a) Basketball wheelchair; b) Rugby wheelchair; c) Tennis wheelchair 
The major design components common to all court-based sports wheelchairs are: 
 
• Frame: The frame of the wheelchair is specifically designed for the type of sport 
and athlete’s game role (i.e. offensive or defensive). It is comprised of a metal 
welded tubular structure using steel, aluminium or titanium. Some recent designs 
incorporate composite materials as there is an associated advantage of lightweight, 
but they are not widely used due to reparability issues as damage to the frame due 
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to impact loading during competition is anticipated. The design of the frame is 
required to be configured to suit athlete’s anthropometrics measurements and 
biomechanical requirements; further, the design of the frame has been found to 
substantially affect the performance of the wheelchair-athlete system [20, 22, 23, 
26]. These effects will be detailed in the next section.  Additionally, the rigidity of 
the wheelchair is critical to minimize internal energy loses. For wheelchair rugby 
in particular, a rigid wheelchair is mandatory as contact between chairs is an 
essential part of the game. 
 
• Upholstery (seat and back rest): The upholstery (soft materials) is manufactured 
from textile materials and slung from the wheelchairs tubular frame using velcro 
straps [20]. Expanded poly-foam cushioning is also incorporated in different 
thicknesses to increase comfort.  
 
• Wheels: A sports wheelchair generally has four wheels (rolling) and 1 or two 
functional non-contact wheels called anti-tip devices located at the rear of the 
chair for safety purposes. The two large rear wheels also called main wheels, are 
manufactured from steel or aluminium, and comprised a central hub and an outer 
rim, which are connected by wire spokes. Commonly used main wheel sizes range 
from 61cm (24inches), to 68.6 cm (27 inches) in diameter with high pressure tyres 
(110-120 PSI) [14]. The main wheels are fitted with a pushrim / handrim, which is 
where the coupling between the athlete and the wheelchair takes place. 
The two smaller wheels (or 1 as per Fig.  2.5c) located at the front on separate 
axels are caster wheels; they serve as steering device as well as stability support of 
the system. The combined weight of the system is distributed between main and 
caster wheels according to the location of the centre of mass. In court-based sports 
wheelchairs, the front casters are 5 cm (2 inches) in diameter and made of solid 
polyurethane [14].  Roller-blade wheels are currently being used in conjunction 
with low-friction bearings to provide low rolling friction and assist wheelchairs to 
glide easily over smooth surfaces [20]. 
The anti-tip devices are safety wheels at the rear of the wheelchair and are 
compulsory for some sports. These devises can be made of 1 or 2 casters as shown 
in fig 2.5a and 2.5c, or a single middle swivel caster at the rear.  
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• Pushrim: The main objective of this part component is to provide the athlete with 
a point of contact with the chair for force exertion, which is not in direct contact 
with the tyres and any dirt or debris that may be transferred from the floor [20].  
Located concentric to the main wheels, the pushrim is a gearing system comprised 
by the following design components: the rim radius, the angle at which is placed 
(camber) and the diameter, surface material and shape of the tube [31].  The 
position at which the pushrim is placed in proximity to the athlete’s wrist depends 
of the camber angle. The camber angle is a design parameter linked to the 
complete wheel system and it is set up in the frame hubs for the assembly point 
the wheels. The other design parameters of the pushrim, being the tube size, shape 
(handrim cross section) and surface material, are directly related to grip and 
friction coefficient to enable coupling and effectiveness of propulsive force.  A 
conventional handrim is 19mm in diameter, there are circular and oval types, and 
surface materials are metallic alloy or rubber.  The use of gloves and glue, 
particularly by athletes with loss of grip function, is commonly observed across 
athletes as it its known to increase friction coefficient and ensure a good grip [73].  
2.3.1 Rugby wheelchairs 
As a contact sport, wheelchair rugby places high demands on the athletes' 
wheelchairs.  The wheelchairs must be lightweight and easy to manoeuvre while stiff 
enough to protect the players and withstand the frequent intense collisions. There are 
also some unique features found in rugby wheelchairs. These include protective front 
bumpers, front pick bars, side wings, spoke protectors and a mandatory anti-tip 
device. All rugby wheelchairs are required to meet the IWRF regulations for 
competition wheelchair configuration [68]. A brief description of the additional 
wheelchair components is below: 
Wings: Wings are present in high point chairs, and may be placed on either side 
in the area between the front of the chair and the main wheels; a side wing may 
also be discontinued at the rear wheel with a min of 10mm clearance from the 
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rear wheel, or it may continue past the rear wheel, with a connection to the lower 
main frame. Dimensions and clearances of wings and bumpers must conform to 
IWRF wheelchair configuration rules [68].  
 
• Front bumpers: The bumper is the most front part of the chair. It may be present 
in any type of chair (low, mid or high pointer chair). However it is most 
prominent in low point chairs as a pick bar (see Fig. 2.6), which is used for 
blocking and hooking the chairs of offensive players. At the front-most point, the 
bumper must not extend more than 200mm beyond the forward edge of the caster 
housings [68]. 
 
• Spoke protectors: Guards in the form of discs made out of alloy metal or ABS 
materials assembled flash to the rear wheels tyres and pushrim to protect wheel 
spokes from side impact collisions. Athletes often used them as an additional 
surface area for propulsion activity. 
 
• Anti-tip device: a 5th middle swivel wheel or two rear anti-tip casters are 
mandatory in rugby. The anti-tip (or housing of the swivel wheel) cannot project 
further to the rear than the rearmost point of the main wheels [68]. The anti-tip 
wheel/s are not normally in contact with the floor as they are only intended for 
safety (contact will increase rolling resistance), however they must not be more 
than 20mm above the floor. 
 
Rugby chairs are designed depending on the role and court position of each athlete.  
The three main chair types for low, mid and high point athletes are presented in Fig. 
2.6 a, b, c. 
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a) b)  c) 
Figure 2.6. a) Low pointer rugby wheelchair; b) Mid pointer rugby wheelchair; c) High pointer rugby 
wheelchair 
Low pointer chairs are designed for blocking and picking, these chairs tend to be long 
with hooking devices in the front end.  They sit low and present a high-angled seat.  
The spoke guards are flush with the push rim.  They also present high camber angles.  
The design of the mid pointer chairs presents features of both defence and offense 
chairs.  A high pointer chair is designed for offensive game, with wings to push 
through the low pointer picks.  As the offense role is based on acceleration, building 
speed and manoeuvrability, high pointer chairs tend to be shorter, lighter, have less 
camber and pursue a more compact design in comparison to low point chairs.   
2.4 The wheelchair-user system interface: wheelchair configuration 
and the effect on biomechanical propulsion and vehicle 
mechanics 
The major components of the wheelchair-user interface, which are directly related to 
the biomechanic propulsion and overall performance of the athlete using the 
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wheelchair, are the wheelchair frame and the main wheels (or gear system i.e. wheel-
pushrim). Burton et al. [20], documented process for wheelchair design customisation 
currently carried out by commercial companies. Figure 2.7 is reproduced from a script 
of a wheelchair manufacturer and shows a frame diagram of a rugby wheelchair that 
is used commercially to specify the design dimensions that are adjusted to provide the 
athlete with a ‘custom-built’ wheelchair [20]. The indicated notations in Fig. 2.7 are 
distances of welded joints in the wheelchair frame, note that notation ‘L’ refers to the 
distance between the joint where the seat upholstery is hang, to the floor; similar to 
notation ‘K’, these two dimensions are stated as measure of seat height (back and 
front) with reference to the floor. Manufacturers use this approach to obtain athlete’s 
body measurements and embed them into the wheelchair design to offer a customized 
“user fitted” product [20]. Whilst this design approach provides a wheelchair that fits 
the user’s body, it does not take into account the athlete’s functional or performance 
needs or accurate location of mass, etc.  
 
Figure 2.7. Measurements of a customized Rugby wheelchair. Source: http://www.melrosechairs.co.nz. 
The wheelchair frame configuration dictates: 
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• Seat height: The position at which the athlete sits with reference to the floor (L) 
and with reference to the wheel axle (M) in Fig 2.7. The height and horizontal 
position of the seat in relation to the wheel axle have been reported in numerous 
studies as influencing wheelchair biomechanical propulsion [21, 23, 51, 74-76].  
In addition from a user perspective, qualitative studies have demonstrated that the 
seating configuration is of high concern for athletes within wheelchair sports [37, 
38]. The seat position affects the athlete’s access to the push rim as well as 
propulsive force exertion. Consequently, the temporal parameters of propulsion 
(such as push time, push angle, and recovery time) are affected, ultimately 
impacting linear and turning velocity, and acceleration of the wheelchair-athlete 
system. 
Kotajarvi [23] reported propulsion forces to be significantly affected by the 
position of the seat.  In Kotajarvi’s study, significantly higher average and peak 
axial and radial forces were found at lower seat positions, suggesting that more 
force was being directed towards the wheel axle and medially towards the chair, 
rather than tangentially to the wheel, effectively propelling the chair forward.  
The negative effect in propulsion efficiency was due to the increased shoulder 
abduction at lower seat positions. Although temporal variables may improve at 
lower seating positions, the trade-off is an increase in non-propulsive forces if the 
seat is too low for the athlete’s anthropometrics [23].  
In rugby, players choose a low seat position as manoeuvrability and stability (due 
to allowed chair contact) are prioritised ahead of height; however ball handling 
skills are compromised with this setting, and if too low, also the efficient 
propulsion of the system. In basketball, seat height is determined by the task of 
the player on the court.  Where defence and offense players mostly choose for 
manoeuvrability and fast acceleration (outside basketball), whereas centre players 
will favour height to play in the bucket (inside basketball) [17]. 
 
• Camber angle: Camber angle refers to the frame angle at which the main wheels 
are placed in relation to the vertical [25] (the angle T in Fig 2.7). Faupin et al. 
(2004) investigated the sprinting performance of wheelchair basketball players 
and established that increments in camber were accompanied by significant 
increases in push time and decreases in mean velocities with a toll on 
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physiological pushing economy with increased external power requirements in 
highly trained wheelchair athletes [77]. The primary cause of this may be an 
increase in rolling resistance, as a higher contact area of the wheels with the 
ground can be present with higher camber [26]. Table 2.2 below is an extract from 
Faupin’s study showing significant differences between Vm and Tr parameters, 
which are directly related to velocity output and rolling resistance. Significant 
linear relationships are evident suggesting increasing rolling resistance brought 
about a proportional decrease of the angular velocity of the wheels due to an 
increased wheel camber.  
Table 2.4 Camber effects on mechanical parameters during wheelchair sprinting (reproduced from Faupin et. al.) 
 
  
However, other mechanical benefits such as stability and Manoeuvrability have 
found an association with camber angle. A field study by Faupin et al., 2002 
considered the effect of camber upon Manoeuvrability performance over a ‘figure 
of eight’ drill; results from this study showed significant differences in time 
reduction to complete the drill with an increase in camber and suggested an 
optimal camber angle of 15° for the wheelchair basketball players. Main wheels 
are cambered to allow the player to better reach the pushrim and cover a larger 
range on the pushrim, and thus to manoeuvre the chair agilely [14]. This also 
permits protection of the athlete’s hands when contact with other chairs occurs 
[32]. Caution must be taken that increased wheel camber angles may increase the 
strength demand to propel the chair and decrease the seat height [14]. Greater 
camber has been reported to provide better lateral stability for the wheelchair, as 
the width of the wheelchair at the base increases with an increase in the camber 
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angle providing a larger base of support, and shifting the centre of mass to a lower 
position with a lower seat height [27]. Lower seat height may make the chair more 
stable, but the player would lose height advantage for game dynamics (serving in 
tennis, or ball /net reach in rugby and basketball). Camber has been associated 
with better wheelchair stability [27], better manoeuvrability [29], as well as 
increased turning velocity [29]. Current court-based chairs are normally 
configured between 15-24 degrees in camber [14]. A static stability study by 
Trudel et. al. tested wheelchair static stability in the lateral, forward, and rear 
directions. A regression equation was used to obtain significances between 
conditions of stability and results plotted and shown in the figure below 
reproduced from Trudel et.al [53]. 
 
Figure  2.8. Lateral, forward and rear stability at different camber angles Reproduced from Trudel et. 
Al.[27] 
From the study by Trudel et al. as camber increases from -15° to +15°, lateral and 
forward stability increased, while rear stability decreased regardless of state of the 
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brakes in the wheelchair. The range of lateral stability values (13° to 27°) was greater 
than the ranges of values for forward stability (23° to 30°) or for rear stability (10° to 
16° with the brakes unlocked and 6° to 9° with the brakes locked) [27]. Rear stability 
with the brakes locked were consistently low for camber increase. This is however not 
a concern in the case of court-based wheelchair sports as a rear anti-tip device is 
regulatory for these wheelchairs. 
 
• Centre of gravity: The configuration of major weight support points (i.e. seat, 
footrest, backrest angle, wheels hub) within the wheelchair, establishes the weight 
distribution of the system.  The horizontal and vertical position of the centre of 
mass of the wheelchair-athlete combination determines the mobility-stability (both 
static and dynamic) correlation of the wheelchair-athlete system [14, 15, 17].  
There is a consensus amongst wheelchair configuration studies that the 
optimisation of the wheelchair-athlete interface for mobility is obtained by using a 
rearward and downward positioning of an athlete's centre of mass with respect to 
the axle of the rear wheel [14, 17].  This is achieved primarily by seat 
configuration, since seat configuration supports the most weight contribution of 
the system (i.e. the athlete). A rearward shift of the centre of mass will decrease 
the rolling resistance reducing the normal force at the caster hubs, while reducing 
the inertial rotation torque of the wheelchair-athlete system during a directional 
turn.  However, a rearward shift of the centre of mass implies a forward rear-
wheel axle position; this decreases the total length of the wheelchair placing the 
centre of mass in close proximity to the wheel axle, which makes the wheelchair 
become unstable in its backward direction [14], and prone to backward tipping.  
Caution should be exercised when configuring rear wheel axle position as athletes 
often perform quick shifting of the centre of mass rearwards when 
reaching/passing the ball over shoulder or when extending or turning the trunk for 
a ball play [14]. This is often also observed in players with trunk function during 
powered starts to achieve maximal acceleration from a stand still position.  
Further, systems which have a high centre of mass by default (i.e. athletes with 
amputations or who have low muscular mass on lower limbs) should be careful 
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with rearward seating configuration as they will be more prone to backward 
tipping due to the high inertial reaction torque acting on the wheel hub axis.  A 
downward shift of centre of mass decreases the inertial reaction torque on the 
trunk and wheelchair frame when accelerating making the system more stable. 
However, as explained previously, there is a trade-off between stability, 
manoeuvrability and propulsion. A balanced wheelchair configuration taking into 
account needs of the user and characteristics of the sport is therefore imperative 
[14].  
The adjustment of the backrest angle and height on the wheelchair frame is set up 
for trunk support, however it also influences the position of the athlete's centre of 
mass as it limits the freedom of motion for the trunk and upper extremities. 
 
• Gear system (wheel/push rim): As previously explained, the pushrim is a gearing 
level. The radius of the rim determines the force required for propulsion, the 
smaller the radius, the higher the torque.  Smaller handrims result in larger 
propulsion force and lower velocity of the hand when doing the propulsion cycle 
at a given speed [14].  Accordingly, the work done during a complete propulsion 
cycle with the larger handrim size is significantly larger than that using a smaller 
handrim [78].  In court-based wheelchair sports it is common to see athletes 
placing their hands on both tyres and pushrims to maximise the surface area whilst 
pushing [20].  The configuration of handrim and wheel size depends on the 
physical capacity of the athlete to exert and sustain the required external power for 
the duration of the game. 
2.5 Important methodological considerations for this thesis: user-
centred research for wheelchair design customisation 
Ergonomics and wheelchair configuration studies have provided valuable insight in 
aspects of wheelchair design configurations. There is no doubt that the configuration 
of the interface between the wheelchair and the athlete impacts on the systems’ 
mobility performance. However, there are still grey areas on how to customise sports 
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wheelchairs due to the many variables involved in the wheelchair configuration 
process, and the complexity of investigating the many factors that have a trade-off 
effect for the required sport activity in a single study for a specific athlete. Primary 
results from interviews and questionnaires, which will be explained in detail in 
Chapter 3, have indicated that athletes, coaches and manufacturers can follow the 
trends of studies in the literature. However, understanding the ‘trading-off’ effect as a 
result of modifying design parameters in the demonstrated direction of improvement, 
or quantifying the effect of the combined design parameters at the high performance 
levels for the specific athlete and sport, is still very much required and are often the 
type of queries athletes pursue. 
The bullet point listing below details some methodological aspects of this research 
that are considered applicable to achieve resolution of the research questions or are 
current areas of the literature review that are in need of further consideration: 
 
• Mobility performance indicators: The literature contains evidence about some of 
the performance indicators highlighted in section 2.1; that is agility, acceleration 
from stand still, speed, and quickness. Coutts, and Vanlandewijck et al. studied 
the ability to accelerate the wheelchair from standstill in elite wheelchair athletes 
under field conditions, and reported maximum speeds, accelerations, and the 
relationship of the centre of mass and the acceleration activity [48, 70, 79]. Data 
analysis and methods in these studies could aid the linear performance testing 
required for this research. To the knowledge of the author, there are no agility 
studies specific to wheelchair sports, nor has the concept of manoeuvrability been 
clarified in relation to measurement of speed of direction change or radius of turn 
for wheelchair sports in any of the reviewed literature. Interestingly 
manoeuvrability and agility are constantly highlighted in the literature as 
performance requirements for both athletes and wheelchairs in the court-based 
context. From communications with coaches and athletes, there are some training 
drills performed and designed by sporting teams which are targeted to improve 
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wheelchair propulsion skills of agility, acceleration response, speed and 
quickness. However, athlete’s performance is analysed only on the basis of 
elapsed time, and in some instances, distance completed during the task. Although 
these are valid measurements to assess mobility performance, them alone would 
not provide the sufficient information to learn how well the task is performed. A 
clear definition of agility and in turn manoeuvrability of the wheelchair system is 
required, and a proper methodology needs to be developed to draw conclusions 
about athletes’ agility skills in particular for activities involving speed assessment 
with directional change. 
 
• Instruments: Obtaining statistically viable experimental data relating to 
wheelchair design and performance of athletes is crucial for this research. 
Understanding the effects of design configuration on the performance outcome 
requires simultaneous adjustment of multiple design parameters of the wheelchair, 
as well as measurement of the contribution of each design parameter to the 
combined adjustment effect on performance. Currently the equipment that has 
been used in previous studies for analysing the effects of adjustability of 
wheelchair design on performance is limited; mainly involving adjustable axle 
sports and day chairs [20], [26, 77] . The use of wheelchair simulators or 
adjustable wheelchairs permits the adjustment of camber, seat, backrest as well as 
interchangeable components such as wheels; however, not all parameters can be 
adjusted independently for simultaneous testing. Some of those parameters are 
interrelated in the design of regular wheelchairs and modification of one of them 
will cause uncontrolled modification of others. For instance, the modification of 
camber angle will impact upon lateral wheelbase and thus seat height [26, 77]. As 
described previously these important design parameters have individual effects on 
biomechanics performance as well as stability of the system, hence specific 
conclusions on the type of effect is difficult if the parameters can not be isolated 
for testing and then combined for analysis of parameter contribution effect. It will 
be appropriate that the development of a purpose built instrument enabled 
controlled iteration of design dimensions while being used in conjunction with a 
kinematic data collection instrument; to allow for adjustment of fit of a large 
sample of athletes (various sizes, weights, physical capacities/classifications, 
comfort preferences) as well as collection of athlete’s performance data.  
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In regards to investigation of kinematic performance of the wheelchair-athlete 
system, there are a number of technologies available that can be utilized for 
collection of data in the laboratory and court environment under realistic 
conditions. However there are advantages and disadvantages with the use of each 
of them. Ideally simulation of realistic conditions utilizing the regular sport 
surface and regular mass of the system are desirable. This will ensure rolling 
resistance and inertia of the system is constant for the analysis performance under 
manipulation of design parameters. For the purpose of capturing basic kinematic 
data alone, a simple use of use of accelerometers and gyroscopes attached to the 
wheelchair as performed in one of the author’s published studies [80] is as much 
as required. However, for kinetic and kinematic investigation and analysis of 
propulsion biomechanics, there are other mobile ergometers capable of wirelessly 
measuring 3-Dimensional forces and moments applied at both handrims and at the 
seat such as described by Dabonnevillea et at. in [81], additionally to the 3D 
kinematics of the wheelchair-athlete system. Other devices and systems 
commonly used for analysis of kinetic and kinematic parameters of wheelchair 
propulsion include roller ergometers, motor driven treadmills, stationary 
ergometers and wheel dynamometers [81]. Most of these instruments are confined 
to the laboratory with the exception of the wheel dynamometers, which have 
recently been have been equipped with a self-contained data logger or a wireless 
data transmission system allowing their use in real field conditions [81]. The 
downside of the wheel dynamometers is that the propulsion interface is different 
from the regular wheel design the athletes are familiar with and the use of them 
changes weight characteristics of the system. The advantages involved with roller 
ergometers and treadmills are that personal wheelchairs, and adjustable devices 
can be utilized but the measurements of kinetic and kinematic data is only 
possible through mathematical models [81]. Stationary ergometers allow a wide 
range of measurements on the rear wheels and on the wheelchair frame, and 
although several limitations are associated with the use of this equipment, they are 
still extensively used despite recent developments in wheel dynamometers and 
wireless ergometers because they provide a controlled environment for analysis of 
wheelchair design configuration. These devices have been used in several studies 
for analysis of seat configuration, wheel diameter, wheel camber, propulsion 
phases, energy expenditure, power output, mechanical work and efficiency, as 
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well as risk of upper limb injury [81]. The ergometer devices however are limited 
to simulation of forward displacement and are confined to the laboratory. Further, 
such ergometers disregard the effect of inertial forces acting on the system when 
the trunk and arms are accelerated and decelerated at every propulsion cycle. 
Further as the wheelchair is affixed with straps (front and back) to prevent 
backward tilting, and only the main wheels are in contact with the rollers, 
displacement of the centre of mass of the wheelchair athlete system particularly at 
the acceleration phase, is neglected and thus, the influence on rolling resistance 
and wheelchair balance. Careful consideration of the instrumentation that is to be 
used for collection of data for sensitivity analysis of performance is required. As 
there are advantages and disadvantages with all available technologies, it is 
suggested available instrumentation options are prioritised to obtain the necessary 
data that allows the knowledge gained to be transferred on to testing under 
realistic conditions if possible.   
 
• Recruitment of wheelchair athletes and statistical analysis of small sample 
groups: Awareness of the anthropometric and physiological factors that can 
influence the performance of athletes is crucial for research development on 
wheelchair design. Characteristics of the athlete related but not limited to: size, 
weight, age, disability level, physical capacity, and skills related to their chosen 
sport, are important considerations in wheelchair design configuration due to the 
many implications on the system’s performance while interacting with the 
wheelchair equipment. The physical capacity of human subjects fluctuates at 
many different levels and these inter-individual differences impact the collection 
of data used for wheelchair design [31]. Reported studies, which have used a 
mixed sample of research subjects across sporting disciplines, have shown 
significant differences in physical and physiological performance for athletes of 
different sporting groups as well as categories subgroups (i.e. major functional 
classifications within a group of athletes). Further, at the individual level 
regardless of classification group, fatigue can be another variable affecting 
metabolic capacity of the athlete. Where possible, sources of variation in the 
sample group (which may influence data results, should be minimized as much as 
possible for there are already too many variables to account for in the 
investigation of wheelchair design configuration. Since this thesis focuses 
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primarily on the optimisation analysis of the wheelchair-athlete interface through 
equipment design for the sport of wheelchair rugby, only elite wheelchair rugby 
athletes with extensive experience should be included in the experimental designs 
in order to obtain statistically viable experimental data that can be used in the 
development of a functional customisation process of sports wheelchairs. 
Additionally, recruitment of sample groups and research protocols must conform 
to RMIT Human Ethics Committee guidelines. 
In view of the small population samples available for this application, and because 
statistical significance should be investigated at the individual athlete level; 
statistical techniques for small populations need to be considered. Important 
variability factors are involved in the statistical analysis of a data sample of this 
type, since the experimental design will be dealing with human performance 
output data that contains noise factors such as fatigue, comfort, or human error. To 
overcome these issues, an appropriate data sample to ensure there is sufficient 
data to attain statistical significance should be determined prior to data collection.  
Depending on the experimental design, a data sample can be obtained from a time 
trial, a number of pushes at the start or end of the trial, or by analysis of 
performance variables relative to a single push; with the later providing a higher 
N. Subsequently, hypothesis testing can be performed on the basis of a difference 
between sample means for different configurations of wheelchair parameters 
which is the aim of this study. According to the experimental design and the type 
of data distribution an appropriate statistical test can be selected. For the analysis 
of an experimental design including manipulation of several design factors during 
repetitive tests, and comparison of performance results across the array of tests, 
the implementation of analysis of variance ANOVA should be investigated.  
ANOVA provides a statistical test of whether or not the means of several groups 
are equal, and therefore generalizes t-test to more than two groups. Doing multiple 
two-sample t-tests would result in an increased chance of committing a type I 
error. For this reason, ANOVAs are useful in comparing (testing) three or more 
means (groups or variables) for statistical significance. 
Further, to support the statistical significance of the results obtained from an 
AVOVA analysis for instance; the closeness of fit can also be considered. In this 
scenario, the coefficients of determination and correlation can be calculated by: 
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𝑟!! = 𝑺𝑺𝒊𝑺𝑺𝑻   𝒂𝒏𝒅 𝑅2 = 𝑟𝑖2 respectively. Where r2 is such that 0 ≤ r2 ≤ 1, and R2 (0 ≤ 
R2 ≤ 1) is the sum of the coefficient of determination r2. The square root of r2 is 
the coefficient of correlation r. From theory, for a true correlation (p =0) between 
X and Y, where the size of the sample on which an observed value of r is based is 
N ≥ 6, then the resultant t value is distributed approximately as t with df= N-2 
[82].  Accordingly, the application of t = !!!!!!!!     to any particular observed sample 
value of r will test the null hypothesis that the observed value comes from a 
population in which p = 0 [82]. Then, for a given sample N and p value, 
significant results will come from the positive value of r resulting from the above t 
equation, this can be done automatically from the VassarStats website for 
statistical computation [83]. Subsequently, effect magnitude can be put into 
perspective with the use of the Hopkins' scale of the effect size [84]. The Hopkins 
scale ranks the effect of the coefficient of correlation (r) from trivial through to 
infinite on a 6-level scale. 
Other inferences on this type of sample already applied to the sporting domain are 
magnitude-based inferences, this has been done by Batterham & Hopkins [85] and 
a calculation spread sheets is available for use [86]. Inferences can be reached by 
expressing the uncertainty in the true value of the statistic as confidence limits, 
defining the likely range of the true value of the effect statistic. The use of 
mechanistic and practical inferences can assist in determining an athlete’s 
propulsion performance and can enable analysis of the effect of gradual changes 
to wheelchair design [85]. 
2.6 User-centred systems design engineering 
According to the (INCOSE) definition of Systems Engineering (SE) [87], ‘SE is an 
interdisciplinary approach and means to enable the realization of successful systems. 
It focuses on defining customer needs and required functionality early in the 
development cycle, documenting requirements, then proceeding with design synthesis 
and system validation while considering the complete problem [87]. A Systems 
 Chapter 2: Literature Review  | 92 
Engineering approach to the design of a product or service ensures the creation and 
execution of an interdisciplinary process that guarantees the customer and 
stakeholder's needs are satisfied in a high quality, trustworthy, cost efficient and 
schedule compliant manner throughout a system's entire life cycle [87]. This process 
is usually comprised in parallel through a series of tasks, which are outlined in the 
diagram below. 
 
Figure 2.9. The Systems Engineering Process from A. T. Bahill and B. Gissing 
This thesis will be based on contributions to user centred-design and systems design 
engineering for product development made by ulrich-eppinger [88], Dieter [89], 
Taguchi [90] and Otto & Anthonson [91]. User-centred design (UCD) is a type of 
user interface design and a process in which the needs, wants, and limitations of end 
users of a product are given extensive attention at each stage of the design process. 
The user-centred design process is a multi-stage problem solving process that requires 
analysis and optimization of the product across capability, desire, and needs of users 
in respect to usability of the product rather than forcing the users to change their 
behaviour to accommodate the product. 
The international standard for human-centred design process (ISO13407) defines a 
general process for including human-centred activities throughout a development life-
 Chapter 2: Literature Review  | 93 
cycle. In this model, once the need to use a human-centred design process has been 
identified, four main stages comprise the user-centred development procedure: 
• Identify and specify the context of use: Identify user of the product, purpose for 
use, and conditions of operation or usability. 
• Specify performance requirements or user goals that must be met for the product 
to be successful. 
• Create design solutions through developmental stages building from a preliminary 
concept to a complete design. 
• Evaluate designs through usability testing with authentic users of the product 
 
Systems engineering recognizes the following seven tasks: State the problem, 
Investigate alternatives, Model the system, Integrate, Launch the system, Assess 
performance, and Re-evaluate. These functions can be summarized with the acronym 
SIMILAR: State, Investigate, Model, Integrate, Launch, Assess and Re-evaluate [87]. 
Similarly, the UCD activities are broken down into four phases: Analysis, Design, 
Implementation and Deployment, with suggested activities for each phase [92]. For 
the application of design customisation of sports wheelchairs for the individual 
athlete, the extent to which systems engineering and user-centred design will be 
applied, will be limited to the ‘design methodology’ as product outcome for this 
application. According to a wheelchair-user combination optimisation study by 
Vegter et al. ‘there is no single ultimate design in general, but there is always a design 
that is adjusted to the user’ [31]. To fully understand the needs and requirements of 
the user ‘as the research develops’ this thesis will involve primary qualitative and 
quantitative data collected directly from the end-user (wheelchair rugby athletes and 
coaches) at the research phase of analysis which involve strategy and product 
planning (Chapter 3), design of experiments and testing (Chapter 4,5,6) in the design 
phase, and validation of results (Chapters 6,7) in the implementation and deployment 
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phases. This approach will enable the development of an appropriate wheelchair-
design process to suit individual user’s demands. 
In general, systems design engineering focuses on how to design and manage large 
and complex engineering projects during design development. Generally a systems 
engineering approach to the design of a specific product will assist the consideration 
and coordination of different areas of the complex product design such as reliability, 
logistics, coordination of different teams, and evaluation measurements. Systems 
engineering ensures that all likely aspects of a project or system are considered, and 
integrated into a whole by involving tools for work-processes, optimization methods, 
and risk management in complex projects in ensuring an end user-centred focus 
(satisfying user needs) throughout the development process. To this end, this 
investigation will make use of the following key methods for reliable user-centred 
research:  
 
Qualitative function deployment (QFD): One of the well-known methods in systems 
design engineering to gather and deploy product user’s data in the product 
development process is the qualitative function deployment (QFD) method [88, 89]. 
The QFD method has been used in the areas of sports technology [93] and daily 
wheelchair design [94] previously, to enable the identification of correlations between 
user requirements and product attributes, as well as to establish the relative 
importance to each other. There are other more simplistic approaches to qualitative 
analysis of user needs, which involve user needs matrixes. However, the QFD method 
includes positive and negative correlations between customer requirements and 
technical parameters of the product; which in the case of the current design intent are 
reflective con design parameter trade-offs providing a numerical value of correlation 
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and focus scale for design decisions as QFD result outcome. Hence, it will be useful 
to adopt this approach in the same fashion during research/product planning. The 
user-centre approach ensures that user’s functional requirements in terms of comfort, 
safety, and performance are assessed and validated as the investigation progresses.  
 
Design of experiments (DOE): (also known as factorial design) is used as a 
systematic approach to finding a combination of design parameters that best suit the 
requirements of the individual athlete. DOE is commonly used as a technique for 
investigating all possible conditions in an experiment involving multiple factors and 
levels of measurement; in this study, the experimental design investigates the 
influence of wheelchair key dimensions (design factors) on desired performance 
variables. However, the DOE for this application requires careful analysis; in a 
standard DOE, both the number of experiments and the size of the data sample 
required to gain statistical significance increase with the number of design factors and 
dimensional levels tested. This represents a limitation for the sports wheelchair design 
application as the data sample can be highly affected due to the variability associated 
to nature of the human subjects, posing a higher data sample requirement on an 
experimental design based on repetitive testing of athlete subjects who are prone to 
fatigue. Hence, the numbers of design factors and dimensional levels to be tested need 
careful consideration. 
 
Taguchi method: The Taguchi method is applied to overcome the issues associated 
with a full factorial design and repetitiveness of testing with athlete subjects [89], as it 
simplifies and standardizes fractional factorial experimental designs by using standard 
orthogonal arrays [95].  Orthogonal arrays tests pairs of key controlled design 
combinations allowing: a) the collection of the required data using a minimum 
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amount of testing, b) identification of the individual contribution of each design factor 
on a particular quality characteristic (in this case propulsion performance) which is a 
kind of analysis that cannot normally be performed in other experimental designs 
[89].  Additionally, the Taguchi method emphasizes the importance of minimizing 
variation to improving the quality of the product by taking into consideration the 
likely influence of ‘error’ or ‘noise’ on the performance of the final product [96]. In 
product design, noise factors are described as design elements which are expensive or 
difficult to control [97]. The idea is to reach higher quality designs that are less 
sensitive to changes in operating conditions or environments [97].  The ‘noise’ in the 
current study is the ‘variability’ with respect to a) the athlete’s performance across 
experimental trials, and b) the variability of the performance of athletes within a 
group. The challenge in engineering a DOE for a specific market or product 
application is in finding the right balance between the theoretical design of the tests, 
and their practical implementation in the product’s environment [98]. Hence, for any 
Taguchi design, it is essential to have a deep understanding of the problem at hand in 
order to identify the source of noise in the system. Herrmann presented an engineering 
approach to designing a product highly affected by uncontrollable noise [98]; where 
the main focus was to analyse and define the specifications of the parameters that 
would eventually control the product's output performance using separate arrays for 
noise and design factors, instead of the ordinarily preferred combined inner and outer 
arrays for noise tests. This approach can be transposed to the current study allowing 
noise to be post-measured rather than predetermined; eliminating the difficulty of 
quantifying noise factors that are undetermined and athlete subjective prior to testing. 
This approach is validated through Taguchi’s variation noise and turning parameter 
measurement [99]. Variation noise is the type of noise that is not due to the operating 
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environment or to the product architecture, but due to variations in the supplied 
materials and manufacturing processes. Respectively, turning parameters are often set 
in Taguchi designs by the manufacturing company or the ‘product user’ once the 
confounding effects of the noise have occurred [91].  
In the current case, variation noise is non-quantifiable prior to testing as it is related to 
athlete's physical capacity, which is a dependent of athlete’s classification category, 
fatigue, and comfort. Henceforth, to account for confounding influences of the noise 
parameters and to compensate for the lack of predetermined noise levels, turning 
parameters are introduced as qualitative ergonomic assessment of comfort and fatigue 
at the end of each experimental design trial.   
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Chapter Summary 
The aim of this chapter was to establish the theoretical framework surrounding the 
design and customisation process of court based sports wheelchairs. The review of 
the literature presented in this chapter highlighted research findings that are relevant 
to this research. Particularly, this chapter partially addressed the first research 
question in this thesis from the perspective of the specialists and scientists in the field 
of wheelchair propulsion. The first research question refers to the principal concepts 
of interest for wheelchair configuration of the sports wheelchairs. The literature 
reviewed included sports wheelchair designs and configuration effects on the system’s 
performance, biomechanics propulsion, vehicle mechanics, and performance 
demands across court-based wheelchair sports. In addition, the review included 
dynamic and static models and tests that have been performed for athlete’s 
characterisation of performance, results obtained and correlation to biomechanical 
analysis of athletes. This chapter identified the body of knowledge relevant to this 
investigation and established the knowledge base for the methods developed in this 
thesis.  
Most importantly, the knowledge generated through this chapter includes state of art 
knowledge on the potential of a systematic and evidence-based design method 
applicable to wheelchair design; capable of merging all confounding effects of the 
wheelchair configuration process for individual users and sports. As evident from the 
literature and as stated by some of the reviewed specialists research groups in 
wheelchair propulsion biomechanics; the main challenge of sports wheelchair 
configuration is on enabling the conjunct application of the many research findings 
for a practical outcome due to the numerous differences in methodologies, studied 
populations, wheelchair characteristics, and outcomes measured, in the available 
literature. [51], [14], [49].  
Additionally, the review of the literature highlighted a few methods that might be 
useful for implementation in some of the fundamental research stages outlined in 
Chapter 1. Primarily during data collection, the methodological consideration 
highlighted in this chapter will be taken into account as they have shown a positive 
impact in previously reported studies and their use is within the scope of the research 
presented in this thesis. 
Finally, this thesis has a particular focus on wheelchair rugby. The level of specificity 
required for wheelchair rugby is an example of the level of comprehension required 
to undertake focused research in any other court-based wheelchair sports. 
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Chapter 3. Identification of Performance and Design 
Requirements for Rugby Wheelchairs using the Qualitative 
Function Deployment (QFD) Method 
Chapter Introduction 
This chapter will explore the needs of the wheelchair rugby athletes in terms of 
performance and ergonomics from qualitative data obtained from focus groups, 
surveys and questionnaires to address the first research question (Which wheelchair 
design parameters are perceived as most important in determining the performance of 
athletes, such as wheelchair rugby athletes?). The information on wheelchair 
configuration and physiological characterisation of wheelchair athletes studied 
though the previous chapter highlighted a large number of design features that are 
embedded into the current game chairs. In addition, it was established that a number 
of trade-offs in relation to performance of wheelchair propulsion are associated to 
certain design features. In order to analyse which factors are more critical for the 
individual athletes participating in the investigation, deployment of the most critical 
design and performance requirements is necessary and will be analysed in this 
chapter by implementation of the Qualitative Function Deployment method.  
 
As explained in previous sections, in the search for equipment customisation from a 
functional perspective, some skilled athletes and coaches apply their own empirical 
knowledge gained through ‘trial-and-error’ practices, and by engaging with 
manufacturers. To date, this approach guided the wheelchair design process to suit 
athletes’ performance demands. 
Burton et al. suggested that comprehension of the user’s specific functional 
requirements and also, how these user requirements relate to the product’s technical 
characteristics, is paramount to accurately provide ideal levels of functionality 
through product design customisation [20]. This chapter will utilize the Qualitative 
Function Deployment (QFD) method to identify: 
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• The key wheelchair design attributes, which are required for customisation of 
functional performance for each of the main classification groups of athletes (low, 
mid, high point). 
• The design variables of most importance for the performance assessment of ‘low, 
mid and high point’ athletes. 
 
The QFD is a graphical method which systematically assesses all the elements that are 
involved into the product definition [89]. Dieter (2000), explains that the nature of the 
information required as input of the QFD schematic, forces the design team to answer 
questions which might be ignored by less rigorous design planning methods and to 
learn and apply what is unknown about the problem at hand [89]. This is an important 
consideration for choosing to apply this method for the athlete-wheelchair interface 
design since there are a large number of variables involved (which may or may not 
have an effect on performance), which are related not only to the numerous 
components and geometric configurations of the wheelchair design, but also to the 
individual user capacity. Another important implication of utilizing this method, is 
that the QFD schematic requires that customer requirements be expressed as 
measurable design targets in terms of engineering parameters [89]. This is highly 
relevant in this study, and in particular in the next research stage, as fully controlled 
instrumentation is required for development, to carry out performance measurement 
and analysis of the trade-off effect of different design variables.   
This chapter will present the findings of the QFD analysis and the design 
customisation strategies arising of this process. In particular, the chapter will highlight 
customer requirements collected from international and national surveys of 
wheelchair rugby athletes, in addition to a list of technical requirements of the 
wheelchair design influencing performance and comfort. Finally, technical attributes 
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of utmost importance due to their significant value to the surveyed users will be 
systematically outlined through the QFD analysis results. 
3.1 Methods 
A QFD usually requires four matrices: product, parts, process, and production 
planning [89]. This study will use the product-planning matrix, commonly also known 
as the house of quality (HOQ), to identify user requirements and establish priorities in 
terms of design requirements to satisfy user requirements. Construction of the HOQ 
involves 4 steps: 1) Collection of user requirements, 2) Listing the engineering 
characteristics or technical attributes of the product, 3) Population of the correlation 
and relationship matrices between user requirements and technical requirements, and 
finally, 4) Prioritization of the design requirements after analysis [89]. 
During collection of user requirements, primary end-user data assessing wheelchair 
functional parameters is required in the form of a measurable importance rating; this 
process is commonly attained through qualitative and quantitative research tools such 
as surveys and questionnaires. Secondly, technical characteristics of the wheelchair 
product in terms of configuration of part components, geometric dimensions as well 
as performance indicators are outlined as product’s technical attributes with a 
measurable target metric value or range. Lastly, the customer requirements are 
evaluated with a positive or negative correlation to the product’s technical features, an 
indication of the strength of the correlation is also considered. Finally, this process 
yields a final rank of design parameters that will serve as the research focus in the 
following chapters.  
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3.1.1  User requirements 
Initially, a small number of interviews involving a coach, a wheelchair mechanic, and 
a wheelchair rugby athlete, who was also a wheelchair manufacturer representative 
for Australia and New Zealand, were performed. From these focused discussions, 
insight was gained on the main issues surrounding sports wheelchair technology and 
development. Additionally, potential sample groups for data collection and research 
partners were identified.  Subsequently, a focus group was held at the Victorian 
Institute of Sports (VIS) with Paralympic level athletes across the wheelchair sports 
disciplines of basketball, racing and tennis. This was done with the aim of identifying 
experienced athletes’ comprehension of direction of improvement towards wheelchair 
sports equipment. From this research, the need of focusing on equipment 
customisation for prediction of performance based on current wheelchair equipment 
was evident. Knowledge collected from the focus group allowed comprehension on 
the specific performance parameters relevant to the different sports, drills, and 
wheelchair design parameters of interest for functional customisation and 
performance prediction. This data allowed the design of a sport-and-user specific 
questionnaire, which was designed as an online survey. The online survey was 
designed with the aim of capturing International input in characterising wheelchair 
rugby performance. The Survey link was sent as an invitation for research 
participation to the main national teams participating in Paralympic wheelchair rugby 
worldwide. As of March 1, 2009 there were 30 countries listed on the IWRF world 
rankings, 23 of them participating in wheelchair rugby at a professional level [12]. 
The survey targeted primarily the top eight countries in the International Wheelchair 
Rugby Federation (IWRF) 2009 world rankings; in which USA and Australia were 
first and second respectively at the time [12]; participating teams of the 2008 Beijing 
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Paralympic games were also targeted. The Paralympic games wheelchair rugby event 
is a mixed 8-team tournament. The athlete quota for Beijing 2008 event was 88 to 96 
male and female athletes [100].  
The online surveyed sample (n=75) comprised men and women actively involved in 
wheelchair rugby; 92.2% of surveyed sample were either athletes or athletes and 
coaches. The remaining 7.8% were classified in the categories of ‘other’, which was 
comprised specifically by wheelchair mechanics, manufacturers, game officials or 
zone president. The majority of athletes were male (94.4%) and age groups were 
identified as 44.4% for the age bracket of 30-40 years of age, followed by 37% in the 
20-30 bracket, and 11.1% in the 40-50 years of age bracket. Further, 34.7% of the 
input received was from international elite level athletes and coaches. 
The surveyed sample was recruited via International wheelchair rugby forums; 
priority was given to the Americas and Oceania zones on the IWRF Rugby discussion 
forums as well as the USQRA general and national team forums. Other participants 
were recruited through circulated club emails or head coaches suggestions. The 
survey had 82.7% input from athletes and coaches of the top eighth 2009 world 
ranked countries and 61.33% from the top 2 ranked countries with 32% from USA, 
and 29.33% from Australia.  
A key component of this survey was a user assessment of anthropometric fit and 
performance requirements of rugby wheelchair equipment encompassing the three 
categories of rugby wheelchairs (low, mid, and high point chairs). The information 
provided in the survey for assessment was drawn from the available sports 
wheelchairs literature, the IWRF wheelchair configuration rules, key manufacturers 
datasheets, and the qualitative data gathered through the interviews and focus group. 
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Findings from the survey recognized seventeen valid user requirements as a 
subjective feel-based indication of product qualities of interest for rugby wheelchair 
configuration for the three main wheelchair types. Some wheelchair qualities such as 
stability or safety; and configuration requirements such as footrest height, seat height, 
etc., had previously been defined for daily wheelchairs in various ISO 7176 standards 
series for wheelchairs [101, 102] as well as on various AS 3696 series [103, 104]. Due 
to the lack of standardized data specific to sports wheelchairs the majority some of the 
definitions and performance requirements were adapted to suit the assessment of 
rugby wheelchairs.   
Findings from the survey in terms of user requirements (n=17) were then composed 
into a questionnaire for assessment by the Australian Paralympic wheelchair rugby 
team. A sample of 9 athletes (n=3 per classification group), were asked to rate in 
terms of importance each of the seventeen parameters, on a likert scale from 1 to 5; 1 
(1=low rating). The ratings responded to the question of how important is the listed 
parameter to the game requirements of the participating athlete (classification 
specific). Subsequently, a second likert scale from 1 to 5 qualified the level of 
presence of the specific wheelchair quality in the athletes’ current chair (i.e. From 1-5 
please qualify your wheelchair in terms of safety). Finally a third likert scale from 1 to 
5 qualified the athlete’s perceived ideal level of the parameter to suit his specific 
game performance requirements. Table 3.1 presents the user requirements and 
assessment ratings for the high, mid and low pointer group of athletes. Please note 
IR=Importance rating, CR=Current chair rating and UI=User ideal rating. The 
collected values were averaged and grouped according to the main classification 
groups.  
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Table 3.1 Elite athletes assessment of wheelchair design requirements 
Interpreted Need High Pointer Averages Mid Pointer Averages Low Pointer Averages 
 IR CR UI IR CR UI IR CR UI 
Manoeuvrability 4.33 2.67 4.33 3.29 3.33 4.33 3.00 3.25 4.00 
Sharp and fast turning on spot 5.00 3.33 5.00 4.29 3.83 4.50 4.00 3.25 4.25 
Dynamic stability 3.33 2.33 3.67 3.00 3.50 4.00 3.25 3.25 3.00 
Accuracy 4.67 3.33 5.00 4.57 4.00 4.83 4.50 3.75 5.00 
Efficient propulsion force 4.33 2.33 4.67 4.14 3.50 4.67 3.75 3.00 4.25 
High speed 4.67 3.67 5.00 4.86 3.33 4.67 3.25 3.25 4.25 
High acceleration 5.00 3.67 5.00 4.86 3.33 4.67 4.25 3.00 4.50 
Design for endurance 3.67 3.00 4.33 3.86 3.67 4.17 4.50 4.25 4.75 
Performance customized chair 4.00 3.67 4.67 3.86 3.33 4.83 4.75 3.50 4.75 
Performance enhanced frame materials 2.50 4.00 5.00 2.33 3.40 3.80 3.25 2.00 3.50 
Adjustment of backrest 4.00 3.67 4.67 3.86 3.50 4.00 4.00 3.25 4.00 
Adjustment of seat 4.33 3.00 4.67 4.43 3.67 4.50 4.50 3.50 4.25 
Adjustment of footrest 4.50 3.00 4.50 3.71 3.40 4.40 3.25 3.25 3.50 
Comfortable seat upholstery 3.33 2.67 4.00 2.86 4.17 4.33 1.75 3.50 3.50 
Non-slipping chair straps 4.67 2.00 4.67 3.71 3.50 4.17 3.75 3.50 4.75 
Pressure of chair straps 3.00 3.00 3.67 3.00 3.50 4.17 2.50 3.25 3.75 
Custom fitted chair for the athlete's body 4.33 3.33 4.67 4.29 3.83 4.67 4.50 3.75 4.50 
 
3.1.2 Characterisation of technical attributes of rugby wheelchair  
To correlate the user requirements with the wheelchair technical attributes, the highest 
scored user requirements for the three major athletes classification groups were used 
as starting point for the characterisation of technical features or the wheelchair 
product. Figure 3.1 presents the top 20% user requirements ratings for each group of 
athletes.   
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Figure 3.1: Top 20% scored user requirements ratings for low, mid and high pointer groups.  
A list of measurable technical attributes responding to the highest scored user 
requirements for the three groups of athletes was developed. The technical attributes 
were classified in three groups, related to: i) wheelchair part components, ii) 
dimensional configuration of the frame, and iii) performance measurements of the 
wheelchair–athlete system. The attributes associated with part components for rugby 
chairs were defined based primarily on the Australian Standards AS 3693-1989 
Wheelchairs - Nomenclature terms and definitions [104], in addition to the IWRF 
rules for wheelchair configuration [68]. The attributes associated with dimensional 
configuration of the wheelchair frame, were defined based on the work of Faupin et. 
Al [26], Kotajarvi et. Al [23], and Massee et al [75] amongst others. Manufacturers’ 
script forms [13], for offensive and defensive wheelchairs were reviewed and adapted 
to describe the frame measurements. Characteristics related to mobility performance 
of the wheelchair-athlete system were defined primarily based on feedback from the 
4.00 4.20 4.40 4.60 4.80 5.00 
Dynamic stability (Does not tilt regardless of game 
Manoeuvrability: Ability of easy and smooth 
Accuracy or precision of chair response to user 
High speed: Chairs ability to reach and maintain 
High acceleration (Ability to achieve max. 
Sharp and fast turning on spot  (efficient pivoting, 
Efficient transmission of propulsion force 
Performance enhanced frame materials 
Performance customized chair 
Design for endurance 
Adjustment of backrest 
Adjustment of seat 
Adjustment of footrest 
Non-slipping chair straps 
Pressure of chair straps 
Comfortable seat upholstery 
Custom fitting chair for the athlete's body 
LOW POINTER 
MID POINTER 
HIGH POINTER 
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coach, in regards to familiar training drills within the sport of wheelchair rugby as 
well as from other available literature. In particular, review articles performed by 
Vegter [31], Vanlandewijck [17], Laferrier [14], and Coutts [49], were analysed and 
implications of performance measuring for Paralympic athletes were considered. The 
technical attributes were defined as: 
• Wheelchair part components (ii) 
The technical attributes related to mechanical design of wheelchair part components 
(i) such as wheel diameters, frame thicknesses, essential materials, total weight and 
load capacity, etc. are included in the QFD. Investigation of all other interchangeable 
part components and designs commercially available for rugby wheelchairs (i.e. caster 
or wheel type, wings, pick bars, spoke guards etc.) will not be performed in this study. 
Commercial benchmarking analysis of wheelchair technologies is out of the scope of 
this research. Although aspects such as tyre type or glove type have an effect on 
performance, this is investigated through field tests as a secondary focus of 
wheelchair optimisation. The primary focus is on optimizing the wheelchair-athlete 
interface, and hence, design of the wheelchair frame is prioritized. All considered 
technical attributes are listed in Figures 3.3-3.5 (QFD charts for each major 
classification group). 
• Major frame dimensions (ii) 
Grouped in chair depths, widths and heights; the major dimensions measured in (mm) 
of a rugby wheelchair frame design, are presented in Table 3.2 and referenced in Fig. 
3.2 in the next page. 
• Performance attributes (iii) 
Based on the training program of the Australian national team, the performance 
attributes are defined as follows:  
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• Time to achieve maximum acceleration from standing still: Time required in 
achieving top acceleration from a standing still position while performing the 
14m sprint test on a linear track. 
• Top speed over 5m and 14m propulsion: Maximum recorded speed value over 
a 5m and over a 14m linear course. 
• High performance of over a 10x5m "Illinois agility test": High performance is 
related to minimum elapsed time to complete the test, Linear velocity achieved 
on each turn, and minimum turn-around radius; which is the smallest possible 
distance measured from the wheelchair centre (OW/2) when turning around an 
obstacle as measurement of accuracy and manoeuvrability. 
• Average speed from anaerobic endurance test: Average speed determined 
from six rounds of full court (28m) shuttle test [79] 
Average speed from aerobic capacity – 12 minute cooper push: Average speed 
determined from aerobic capacity – multistage fitness test (MSFT) [105]. 
Table 3.2 Major frame dimensions 
Dimension Name Description  
(OFD)  
(WBD)  
(SD) 
(SL)  
(FPLD)  
(FPD)  
(CDL)  
(BSW)  
(WD)  
(FPW)  
(FCW)  
(OW)  
(SHF)  
(SH)  
(BRH)  
(FSFH)  
(BRA)  
(CA)  
Overall Frame Depth 
 Wheel base depth 
Seat Depth (Balance point) 
Sling length 
Foot plate location 
Foot plate depth 
Castor location 
Base of seat width 
Wheel distance 
Foot plate width 
Front castor width 
Overall width 
Seat height front 
Seat height rear  
Back rest height  
Front of seat to foot plate height 
Back rest angle 
Camber angle 
Distance between main wheel axel and front most frame tube (A-C)  
Distance between main wheels axels and front casters (A-B)  
Distance of tube connecting back base of seat with axle axis (I –J) 
Distance of seat tube (D-E) 
Depth measured from front most frame tube to front of foot plate (C-K) 
Depth of foot plate (K-G) 
Depth from front most frame tube to front castor axis (C-B) 
Width of seat/backrest from outside of tube - (BSW) 
Distance between top of main wheels (WD) 
Width of foot plate - (FPW) 
Distance between front castors- (FCW) 
Overall width measured from main wheels contact on floor (OW) 
Distance from floor to front of seat (D) 
Distance from floor to rear of seat (E) 
Back rest tube distance (I -F) 
Distance from foot plate to front of seat (G-D) 
Angle of back rest tube with vertical axis (BRA) 
Angle of main wheels axles with horizontal axis (CA) 
 Chapter 3: Identification of Performance and Design Requirements Using QFD  | 109 
 
(OFD) Overall Frame Depth (CDL) Castor location (SHF) Seat height front 
(WBD) Wheel base depth (BSW) Base of seat width (SH) Seat height rear 
(SD) Seat Depth (Balance point) (WD) Wheel distance (BRH) Back rest height 
(SL) Sling length (FPW) Foot plate width (FSFH) Front of seat to foot plate height 
(FPLD) Foot plate location (FCW) Front castor width (BRA) Back rest angle 
(FPD) Foot plate depth (OW) Overall width (CA) Camber angle 
Figure 3.2: Generic measurements for rugby wheelchairs and major frame lengths relevant to customisation design of rugby wheelchairs.
(SL) 
(SD) 
(SH) 
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3.1.3 Correlation matrix, and Identification of design requirements 
relevant for functional customisation of rugby wheelchairs 
The QFD method was adapted from the ‘Standard House of Quality Template’ 
provided by QDF Online [106], and used with a strategy planning oriented focus to 
prioritize the technical attributes of relevance for customisation of rugby wheelchair 
based on requirements of each group of athletes. The QFD chart for the high, mid and 
low point rugby wheelchairs is presented on Figures 3.3 to 3.5 in the following pages. 
The following data is presented in the QFD charts: 
• Objective-Subjective relationships - Central matrix: The applicable correlations 
between all technical attributes and the user requirements are presented in this 
matrix. The assessment aims to find the strengths of their relationship to one 
another. Whether the technical attribute meets at the right target value 
significantly, moderately, slightly or not impact at all the customer need; the 
comparison was determined by design analysis and input from focus groups and 
interviews during the qualitative research. 
• Subjective relationships - Left side roof: Positive (reinforcing) and negative 
(contradictory) correlations between customer requirements; determined by 
qualitative research process with experienced athletes and rational analysis. 
• Objective relationships - Top Roof: Positive and negative relationships between 
the technical attributes of the wheelchair design as the improvement of one 
parameter can hinder or improve another. These relationships are determined 
through design analysis in previous literature and rational analysis. 
• Customer Importance: Importance ratings from 1-5 for the seventeen user 
requirements obtained through online survey and questionnaires for each group of 
athletes studied.  
•   
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Figure 3.3: Quality Function Deployment (QFD) chart for high point rugby wheelchairs   
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Figure 3.4: Quality Function Deployment (QFD) chart for mid point rugby wheelchairs   
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Figure 3.5: Quality Function Deployment (QFD) chart for low point rugby wheelchairs 
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• Direction of Improvement: Direction on which outlined technical attribute is 
improved if any variation is to be performed. The information provided in the 
charts is based on evidence reported in studies for similar sample groups as well 
as preliminary testing data collected as base performance of the sample group by 
the coach and the author. 
• Units: The relevant units of measurement for each technical attribute. 
• Customer assessment: A comparison between athletes’ own chairs and the 
perceived ideal levels of each of the customer requirements outlined for each 
group of athletes. Drawn from current and user ideal ratings from 1-5 obtained 
through online survey and questionnaires for each group of athletes studied. 
• Weighted Importance: Results of the absolute importance of each technical 
attribute in satisfying the customer requirements after QFD processing. 
• Relative Importance: A normalized comparison of the weighted importance 
results. The highest rated technical attributes are those with greatest effect upon 
user satisfaction and thus will be the focus of the following research stages. 
• Matrix symbols: Each symbol in the QFD chart has weight as outlined on the 
legend box beside the chart to determine the strength of the relationship between 
the different parameters 
• Target values: The target values presented for each parameter is a compilation of 
the measurements of the wheelchairs of the study participants. Dynamic 
performance data and ranges were collected for the purpose of this study using 
athletes’ own wheelchairs on court and testing with accelerometers. Chapter 4 will 
provide detail of some of the testing performed to achieve the target values 
presented in the QFD charts.  
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3.2 Results and discussion 
The relative weight of the QFD analysis performed for the three major classification 
groups of wheelchairs is presented in Table 3.3.  
Table 3.3: QFD Relative Weight Results for the three types of rugby wheelchairs – Top 20% highlighted 
Design Parameters HP MP LP 
Overall frame depth (OFD) 3.9 3.7 3.9 
Wheel base depth (WBD)  2.7 2.6 2.5 
Seat depth (balance point) (SD)  6.9 6.9 6.7 
Seat angle (SA) 3 2.9 2.9 
Seat height rear (SH)  6.3 6.4 6.2 
Seat base area - width x depth - (SBA)  2 2.1 2.1 
Foot plate location Depth (FPLD)  3.7 3.6 3.5 
Front of seat to foot plate height (FSFH)  3.7 3.6 3.5 
Foot plate area (FPA)  1.4 1.4 1.3 
Back rest area (BRA)  2 2 2 
Back rest angle (BA) 4.4 4.5 4.5 
Camber angle (CA) 6.3 6.4 6.2 
Wheel distance at TDC and OW (WD) 3.6 3.5 3.5 
Distance between front castors (FCW)  2.2 1.9 1.9 
Frame structure (role specific configuration), material, tube size, wall thickness 1.2 1.3 1.5 
Main wheel diameter (Wϕ) 6.3 6.6 6.4 
Upholstery and strapping material and fastening 3.9 3.8 3.5 
Castor wheels / wider antitip system 1.2 1.2 1.2 
Wheelchair total mass 4.6 4.7 4.8 
Product life: durability on high performance 0.5 0.5 0.7 
Time to achieve max. acceleration from standing still (14m sprint) 6.5 6.7 7 
Top Speed over 5m and 14m propulsion 6.6 6.8 6.9 
High performance of "Illinois agility test" (minimum time, high tangential velocity and 
minimum turning radius) 
6.5 6.4 6.5 
Average speed (28m shuttle speed endurance test- 28*12 rounds) 5.8 6.1 5.9 
Travelled distance and avg speed (12min Coopers -aerobic endurance test) 4.7 4.7 4.6 
 
The technical attributes ranked above the average value for each classification of 
athletes (HP=3.996±2.008; MP=4.012±2.074; LP=3.988±2.041) are shaded in grey. 
The results of the QFD analysis showed that from the perspectives of the athlete’s 
surveyed and the validated scientific contribution to the performance of the 
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wheelchair-athlete system; the ergonomic parameters of seat depth (SD), seat height 
(SH), back angle (BA), camber angle (CA), wheel diameter (WΦ), and wheelchair 
mass, are the most critical parameters for investigation ranked above the average 
value of all other ergonomic parameters of the design of the wheelchair. These 
findings of ergonomic parameters are congruent with some of the most studied 
parameters/conditions in the reviewed literature of wheelchair configuration 
performed in chapter 2.  
Table 3.4 presents the ten highest values of the QFD results sorted in order of priority 
for each class of athlete.  
Table 3.4: Priority sorted values of the QFD Relative Weight Results for each class of athlete. Shaded =p<0.05 
	  
Design Parameters HP Design Parameters MP Design Parameters LP 
1 1.1.1.1.1.1 Seat depth (balance 
point) (SD)  
6.9 1.1.1.1.1.2 Seat depth (balance 
point) (SD)  
6.9 
1.1.1.1.1.3 Time to 
achieve max. 
acceleration 
from 
standing still 
(14m sprint) 
7 
2 
1.1.1.1.1.4 Top Speed 
over 5m and 
14m 
propulsion 
6.6 
1.1.1.1.1.5 Top Speed 
over 5m 
and 14m 
propulsion 
6.8 
1.1.1.1.1.6 Top Speed 
over 5m and 
14m 
propulsion 
6.9 
3 
1.1.1.1.1.7 Time to 
achieve 
max. 
acceleration 
from 
standing 
still (14m 
sprint) 
6.5 
1.1.1.1.1.8 Time to 
achieve 
max. 
acceleratio
n from 
standing 
still (14m 
sprint) 
6.7 1.1.1.1.1.9 Seat depth (balance 
point) (SD)  
6.7 
4 
1.1.1.1.1.10 High 
performance 
of "Illinois 
agility test" 
(minimum 
time, high 
tangential 
velocity and 
minimum 
turning 
radius) 
6.5 1.1.1.1.1.11 Main wheel diameter 
(Wϕ) 
6.6 
1.1.1.1.1.12 High 
performance 
of "Illinois 
agility test" 
(minimum 
time, high 
tangential 
velocity and 
minimum 
turning 
radius) 
6.5 
5 1.1.1.1.1.13 Seat height 
rear (SH)  
6.3 1.1.1.1.1.14 Seat height 
rear (SH)  
6.4 1.1.1.1.1.15 Main wheel diameter 
(Wϕ) 
6.4 
6 1.1.1.1.1.16 Camber 6.3 1.1.1.1.1.17 Camber 6.4 1.1.1.1.1.18 Seat height 6.2 
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angle (CA) angle (CA) rear (SH)  
7 1.1.1.1.1.19 Main wheel diameter 
(Wϕ) 
6.3 
1.1.1.1.1.20 High 
performanc
e of 
"Illinois 
agility test" 
(minimum 
time, high 
tangential 
velocity 
and 
minimum 
turning 
radius) 
6.4 1.1.1.1.1.21 Camber 
angle (CA) 
6.2 
8 
Average speed (28m shuttle 
speed endurance test- 28*12 
rounds) 
5.8 
Average speed (28m shuttle 
speed endurance test- 28*12 
rounds) 
6.1 
Average speed (28m shuttle 
speed endurance test- 28*12 
rounds) 
5.9 
9 
Travelled distance and avg 
speed (12min Coopers -
aerobic endurance test) 
4.7 Wheelchair total mass 4.7 Wheelchair total mass 4.8 
10 Wheelchair total mass 4.6 
Travelled distance and avg 
speed (12min Coopers -
aerobic endurance test) 
4.7 
Travelled distance and avg 
speed (12min Coopers -aerobic 
endurance test) 
4.6 
 
The highest ranked relative weight values of technical parameters include ergonomic 
and performance requirements. Interestingly all of the highly ranked parameters are 
consistent across the three classes of athletes, although in different priority order for 
each class. Notably, the ergonomic requirements of seat depth (SD), and the 
performance parameters related to acceleration and velocity, are consistently 
prioritised in the top three requirements for all classifications. 
A one-sample T-test for the technical parameter values for class HP (N=25) showed 
that the minimum significantly (p=0.05) higher value in comparison to the results 
mean for class HP (HP=3.996±2.008) is 4.85 (p= 0.044); hence for this class of 
athletes, technical parameters with a relative weight value > 4.85 will be considered 
for experimental investigation in further chapters of this thesis. Similarly for the same 
samples (N=25), the significantly higher values for classes MP (MP=4.012±2.074) 
and LP (LP=3.988±2.041) are respectively, > 4.9 (p= 0.0426) and > 4.85 (p= 0.0454). 
It is evident from the QFD results in table 3.4 that acceleration and velocity 
performance are principal for experimental investigation of performance of 
wheelchair rugby athletes with a significantly higher (p< .00001) relative weight 
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value for all classes of athletes in comparison to other requirements of performance. 
These performance indicators will be considered in the analysis of experimental 
results throughout chapters 4-6. This result was however expected since the literature 
reviewed, highlighted the importance of power output over initial propulsion pushes 
for the court-based wheelchair athletes. Further performance measurements over 
small-mid distances (<20m) were suggested in the reported literature [65]. The fact 
that the 28m shuttle speed endurance test resulted in a high relative weight rating is 
due to a physiological requirement of athletic training rather than an enquiry of 
wheelchair configuration to perform the test in a particular was as later explained by 
the coach of the athletes participating of this investigation. 
The results obtained from the application of the qualitative function deployment 
method provide the critical wheelchair configuration features to be considered in the 
experimental investigation of the individual and combined effect on performance of 
the wheelchair-athlete system due to the iteration of critical features at various 
dimensional levels.  The parameters to be fed forward into the investigations of this 
thesis are then:  
Ergonomic: 
• Seat height rear (SH) 
• Seat depth (SD) 
• Camber angle (CA) 
• Wheel diameter (Wϕ) 
 
Performance indicator: 
• Acceleration from standing still during the 14m sprint test; 
• Top Speed over 5m and 14m propulsion; 
• Performance of "Illinois agility test" (minimum time, high tangential velocity and 
minimum turning radius). 
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Other ergonomic features classified ‘above average’ in relation to their relative weight 
will need to be considered in the design of instruments as ‘comfort’ parameters to be 
available for initial adjustment of test wheelchairs frames to ensure the athlete’s 
comfort is catered for during experimentation. 
Chapter 4 will present the analysis of the identified performance variables under 
realistic court conditions and laboratory environment in order to understand the 
requirements of performance to a greater depth and to relate the performance 
indicators of interest to the ergonomic variables critical for design customisation.  
Chapter Summary 
This chapter responded to the first research question set up in this thesis identifying 
the key design and performance attributes of sports wheelchairs from a user-centred 
perspective, which are most relevant to include in the experimental investigations 
presented in subsequent chapters of this thesis. Specifically, the ergonomics 
parameters of Seat height rear (SH), Seat depth (SD), Camber angle (CA), Wheel 
diameter (Wϕ); in the design customisation of rugby wheelchairs will be investigated 
in relation to performance outputs of linear acceleration, linear velocity and 
manoeuvrability for the high, mid, and low pointer groups of wheelchair rugby 
athletes. These findings provide the core elements for the court and laboratory 
experiments presented in chapters 4-6, which test and develop the performance 
criteria for assessment of individual athlete’s performance, and identify the influence 
of particular design factors on the overall performance output of athletes. The 
knowledge generated though the findings of this chapter include a user-centred 
approach to evaluating design and performance trade-offs and ranking technical 
parameters of critical importance for experimental investigations involving a 
particular sample of athletes of different sports classifications and game objectives. 
Further, technical parameters of high relative weight provided important design 
criteria and range of dimensional adjustability for the design of a muli-parameter 
adjustable wheelchair frame instrument constructed by RMIT University to allow 
independent adjustment of the identified design attributes to fit the available sample 
of athletes during experimental data collection detailed in further chapters. 
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Chapter 4. Performance Testing Under Realistic & Laboratory 
Conditions 
Chapter Introduction 
In order to successfully address the second research question set up for this thesis (Is 
it possible to quantify the contribution of wheelchair design parameters of rugby 
wheelchairs to the performance of athletes?); it is necessary to firstly gain a deeper 
understanding of the performance variables or indicators involved in the assessment 
of the game activity outlined in the QFD findings presented in the previous chapter.  
This chapter will present and analyse experimental data obtained from court and 
laboratory measurements with a sample of athletes, which are designed to quantify 
the performance requirements of linear acceleration, linear velocity and curvilinear 
performance of wheelchair rugby athletes of different classifications in different 
experimental conditions. Once a clear characterisation of ‘high performance’ target 
is established; a further critical evaluation of implementation of the specific 
experimental protocols, instruments, and methods of analysis will be performed to set 
up the strategy for testing a full iteration of design parameters in relation to a 
performance ranking or objective performance function, which will be performed in 
the following chapter (Ch5). The knowledge generated through experimental testing 
presented in this chapter will aim to formulate the strategy to derive the required 
relationships between design and the performance parameters of interest; ultimately 
allowing the answer to the second research question which will be fully resolved at 
the end of chapter 6. 
 
 
This chapter aims to: 
1) Demonstrate how court-based data obtained under realistic conditions and in 
the laboratory environment can be used to describe performance parameters of 
interest.  
2) Demonstrate the experimental design strategies used for collection and 
analysis of obtained data including the characteristics of purpose-built 
instrumentation for experimental considerations.  
The experimental studies presented in this chapter, utilize a sample group of nine 
athletes representing the three main classifications of rugby athletes (i.e. low, mid and 
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high pointers as discussed in section 2.5); and include investigations of linear 
sprinting and half-court velocity, tangential velocity and turning radius for agility and 
manoeuvrability tests (as discussed in section 3.1.2.).  
Further, as explained in Chapter 2 there are several techniques and instruments that 
allow kinetic and kinematic performance measurement of athletes, which can include 
a design parameter variation of the wheelchair in the experimental design. However, 
issues with available experimental equipment highlighted in previous studies when 
testing with adjustable wheelchairs on court or in the laboratory environment, have 
prevented definite conclusions on customisation of wheelchair equipment. Those 
issues as explained in Chapter 2, are related but not limited to fluctuation on 
wheelchair mass, internal friction losses, and power production; which in turn 
influence rolling resistance and aerobic capacity of the athlete and hence, overall 
performance during a task. Section 4.2 of this chapter explains the strategies put in 
place to manage some of the issues linked to the use of instrumentation utilized to 
measure the influence of wheelchair design parameters on variables of performance 
under laboratory conditions.  
4.1 Measuring mobility performance under realistic conditions 
This section provides a detailed explanation of the methods used for measurements, 
data collection, and analysis. In particular, it explains the process required for 
measuring linear accelerations and velocities using inertial sensors on court, and using 
the ergometer and adjustable wheelchair frame in the laboratory environment. Further 
this section explains the experimental method developed for determining the 
instantaneous radius and tangential velocity of the turning wheelchair. Data obtained 
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from wheelchair rugby Paralympic athletes is presented and analysed against set 
performance criteria, which was defined based on optimum velocities required to 
perform the eleven turns of a standard Illinois Agility test. In addition, for the benefit 
of the athletes and coach participating in this study, the results obtained on the linear 
and agility performance of individual athletes’, as well as the average performance of 
each classification cluster of athletes (i.e low, mid, and high pointers) will be reported 
as an outcome of this chapter in sections 4.1.2 and 4.1.3.6.  
 
The main objectives of the studies presented in this section are to: 
a) record athletes linear velocity and acceleration during the 5m and 14m 
sprint test 
b) record athletes linear and angular acceleration during the Illinois test 
c) develop and validate a method that calculates the tangential velocity and 
radius of curvature of a turning wheelchair  
d) analyse the athlete’s performance with the aid of the newly developed 
method (c) and the use of performance hypotheses. 
4.1.1 Experimental Methods 
4.1.1.2 Tests Subjects 
A group of athletes from the Australian wheelchair rugby Paralympic team 
volunteered to participate in this study.  The group comprised nine male participants 
between 22 and 42 years in age, and each of them had a significant amount of 
experience in participating in wheelchair rugby at an elite level. Table 4.1 presents 
test subject’s characteristics including disability level, sport classification as well as 
typical weekly training hours.  
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Table 4.1. Subjects’ data, wheelchair mass and d value  
Group Subject Disability level and Classification 
Age 
(Yr.) 
Mass 
(Kg) 
Size 
(m) 
Training 
Hours/week 
Elite 
experience 
(Yr.) 
Chair mass 
(kg) 
d value 
(m) 
A 
(Low 
Pointer) 
A1 C5 - 1.5 32 71.28 1.82 16 1 17.77 0.69 
A2 C6 - 0.5 39 73.77 1.83 16 12 17.15 0.56 
A3 C6 - 1.5 36 64.00 1.88 15 3 16.27 0.59 
B 
(Mid 
Pointer) 
B1 C6/7 - 2.0 24 87 1.87 10 2 17 0.54 
B2 C7 - 2.0 34 71 1.87 15-20 10 17 0.57 
B3 C6/7 - 2.0 22 84 1.97 20 4 18 0.55 
C 
(High 
Pointer) 
C1 Spinal neurological disorder - 3.0 42 94.15 1.70 10 15 18.79 0.55 
C2 C6/7 Inc - 3.0 23 70.09 1.85 18-20 2 18.94 0.53 
C3 C7 Inc - 2.5 40 95.00 1.90 10 16 17.23 0.57 
 
The sport classifications of athletes in this sample group (Table 4.1) range from 0.5 to 
3.0 (the full classification range for wheelchair rugby is 0.5 to 3.5). As explained in 
section 2.2.1 (Chapter 2), the point score classification of athletes is linked to the 
athlete’s disability level, which also dictates mobility capacity and fitness of the 
athlete. The higher classification number (3.5) is intended for those athletes who have 
higher function on court and the lower number (0.5) for those athletes with less 
function on court. Table 2.1 in Chapter 2 explains some of the characteristics of 
athlete classifications. Hence, as one of the objectives of this chapter is a comparative 
assessment of athlete’s performance; the sample group requires athletes to be 
segmented in smaller groups according to their average capacity levels. Therefore, the 
sample group will be clustered in the following three main classifications groups as 
specified in Table 4.1 and below: 
• Group A - low pointers: Athletes with sports class categories ranging between 0.5 
– 1.5 
• Group B - mid pointers: Athletes with sports class categories ranging between 1.5 
– 2.5 
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• Group C - high pointers: Athletes with sports class categories ranging between 
2.5 – 3.5 
 
This grouping has been developed based on the approach that was adopted by Mason 
et al. [73] and Molik et al. [107], with the aim of presenting a performance analysis of 
the data obtained, and to highlight significant differences between subjects of 
different sports classifications performing similar wheelchair handling activity. This 
clustering of athletes ensures that the results are matched against athletes of similar 
characteristics (upper body range of mobility).  
The athletes were fully informed of the research procedures and potential risks and 
written consent was obtained from all research participants. Ethics approval was 
obtained from the RMIT University Human Research Ethics Committee before the 
experimental study being undertaken. For details of Ethics approval please refer to 
APPENDIX E. 
4.1.1.3 Instrumentation 
The experimental tests were carried out during a single day session in an indoor 
basketball court in exactly the same conditions of regular training drills to ensure that 
the athletes were familiar with the tasks. To allow reporting on the performance of the 
available sample of athletes, all athletes completed testing using their own custom-
built match chairs. The study of experienced athletes’ performance using their own 
customized equipment is appropriate and highly regarded as the athlete’s wheelchair 
is considered an extension of the athletes’ body for game rules compliance [68]. All 
conclusions on performance for the purpose of this study will be based on wheelchair 
+ athlete system as a whole. All test wheelchairs were specifically designed to meet 
the athletes’ individual anthropometric needs and the mechanical characteristics of all 
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chairs complied with section four of the International Wheelchair Rugby Federation 
IWRF rules (International Wheelchair Rugby Federation, 2008). 
Each wheelchair was instrumented as shown in Fig. 4.1, with a 6 DOF sensor 
(accelerometer + gyrometer - MinimaxX, Catapult Innovations Pty Ltd, Scoresby, 
Australia) at 100Hz sample rate. 
 
 
Figure 4.1. Instrumental setup on the pick bar of the wheelchair with a 6 DOF accelerometer + gyrometer 
sensor - minimaxX, Catapult Innovations Pty Ltd, Scoresby, Australia. 
m
ay
ax
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Due to the limited space available to place and secure the sensor on the wheelchair 
and since access to the sensor before and after each trial was necessary, the flat 
surface of the front pick bar of the chair was used. The sensor was aligned with the 
middle plane of the wheelchair and securely fastened in the upright position (positive 
z-axis downwards); on which, the positive x-axis of the sensor was directed to the left 
side of the chair’s forward position (see Fig. 4.1). The sensor’s positive y-axis was 
positioned on the chair’s sagittal plane in line with the chair’s forward position (see 
Fig. 4.1).  
The sensor measured the linear accelerations and angular velocities along and about 
the three axes of the orthogonal coordinate system shown in Fig.4.1. According to the 
manufacturer of the mimimax, Catapult Sports, the inertial sensors in the minimax 
don’t need to be recalibrated after their factory setting. However, the recalibration 
process for the accelerometer and gyroscope provided by the manufacturer and 
available in Appendix A can be performed if desired. Nevertheless, for the purpose of 
the tests performed in this study, the acceleration readings of each axis were checked 
against gravitational acceleration (9.81 m/s2); and the three axis angular velocities 
were checked against known rpm values of a turntable prior to instrumentation of the 
wheelchair as similarly done for validation of the proposed method (see Appendix B). 
4.1.1.4 Data Processing  
Original and filtered acceleration data were analysed and percentages of real numbers 
retrieved were compared. Highest percentages of real numbers were achieved by 
using original (not filtered) data. Therefore filtering was avoided for obtaining 
experimental results.  
To synchronize stopwatch and accelerometer data, the slight offset of the data at zero 
acceleration (due to normalizing activity prior to test) was corrected such that ay 
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(forward/backward acceleration) overlapped the zero acceleration line before evident 
acceleration activity (start of stopwatch) was initiated. Basic video taken for each trial 
was used as reference to further understand behaviours in the minimax acceleration 
data. In particular, the recorded visuals helped identifying the normalising data period, 
which is comprised by the recorded accelerations from the time when the minimax 
was switched on up until the ‘go’ command and subsequent first push. Additionally, 
the straight and turning sections of the Illinois test were identified in the acceleration 
dataset as peaks in the angular acceleration curve, which correlated with path sections 
from the video, and time was correlated across stopwatch, video and minimax. Video 
was taken using a Sony HDR-CX110 high-definition camcorder HDFX 1920x1080 at 
60 interlaced frames per second (1080/60i), bit rate 24 Mbps. 
Further processing also involved the conversion of angular velocity data about 
vertical axis from deg/s to rad/s.    
The following is the data processing procedure followed to produce the data used for 
analysis: 
1 Record minimax coordinate system selected for the experiment: identify axis to 
correlate with desired data output from minimax software. 
2 Measure and record d of experiment. d=constant distance between accelerometer 
and wheelchair centre (midpoint between the COPs of the 2 wheels) and is 
different for each subject depending on the chair. 
3 Save minimax raw data output and the corresponding firmware software in a 
single folder. Run the firmware software to convert the raw file on to a .cvs 
extension file and save output. 
4 Open csv on excel and name acceleration, gyro and time data columns: a (x,y,a) , 
g (x,y,z) & t - first 6 columns and last from .cvs minimax output. 
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Note: According to minimax placement for this experiment - Coordinate system: x-
left, y-forward, z-downward: 
• AX: x = sideward linear acceleration (m/s2) 
• AY: y = forward/backward acceleration  (m/s2) 
• GZ: z = ω = angular velocity about vertical axis in deg/s  
5 Convert GZ data to rad/s 
6 Correct offset for initiation of acceleration activity: To do this, Plot ay (better 
accuracy) vs. t and find time of first activity on drill (i.e t=12.18s). Then obtain 
main value from t=0 to t=first activity. Create an offset column for all data (a & 
g) by subtracting mean value from first row (locked value in cell) on each 
column. 
The three trials for each athlete were averaged and results analysed for linear velocity, 
and acceleration; these findings were reported for sprinting tests as per the required 
performance criteria outlined by the athletes in the QFD (Chapter 3). For the agility 
test, further analysis was performed using the velocity and acceleration data and 
applying a newly developed method to report on the instantaneous radius and 
tangential velocity as explained in the following subsections.  
The performance data obtained from the nine athletes consisting of 27 experiments is 
used to develop and validate the necessary methods to obtain the tangential velocity 
and radius of curvature previously outlined in objectives b), c), and d) stated at the 
beginning of section 4.1. 
4.1.2 Description of Speed and acceleration measurements 
The main objective of this section is to report the measurements of velocity and 
acceleration taken for the 14m linear sprints on court as these measurements were 
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found to be of high weighted importance from the QFD results (see section 3.4). 
Further, this chapter aims to provide knowledge on the performance of the group 
sample of athletes, as it is the interest of the athletes and coach participating in the 
study. The focus of the measurements obtained during the linear sprint test include: 
a) time to achieve max. acceleration from standing still over a 14m sprint;  
b) top Speed over 5m and 14m propulsion. 
The sprint test set up is shown in Fig. 4.2. As previously explained, time was taken at 
the 5m and the 14m marks, and stopwatch data synchronized with minimax data. 
 
Figure 4.2. Linear sprint setup 
Table 4.2 presents the measurements recorded for the 5m and 14m sprint test for all 
participating subjects.   
14m
 M
ark 
5m
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ark 
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RT 
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Table 4.2. Linear performance data for the sample of athletes tested  
Athlete trial # 
Stop watch data Minimaxx data 5m & 14m sprint 
Time at Average speed (m/s) Max Acc 
Time to 
Max Acc 
Distance to 
Max Acc 
Max Vel 
@5m 
Max Vel 
@14m 
5m 14m 5m All 14m Betw 5-14m m/s2 s m  
m/s 
G
ro
up
 A
 - 
L
ow
 P
oi
nt
er
s 
A1 
1 2.75 5.84 1.82 2.40 2.91 12.66 2.28 2.44 3.45 5.01 
2 2.64 5.86 1.89 2.39 2.80 11.71 2.61 1.72 2.68 3.68 
3 2.65 5.71 1.89 2.45 2.94 11.40 2.37 2.03 2.80 3.68 
AVG 11.92 2.42 2.06 2.98 4.12 
A2 
1 3.07 6.18 1.63 2.27 2.89 6.44 5.61 0.20 2.83 3.65 
2 3.05 6.71 1.64 2.09 2.46 8.77 6.35 0.22 2.76 3.69 
3 2.80 6.35 1.79 2.20 2.54 8.25 4.17 0.47 3.64 4.90 
AVG 7.82 5.38 0.30 3.08 4.08 
A3 
1 2.81 5.78 1.78 2.42 3.03 7.80 3.43 0.66 2.85 3.66 
2 2.91 5.85 1.72 2.39 3.06 6.78 5.10 0.26 2.96 3.75 
3 2.87 5.99 1.74 2.34 2.88 8.62 5.75 0.26 3.03 3.72 
AVG 7.73 4.76 0.39 2.95 3.71 
Classification avg 9.16 4.19 0.92 3.00 3.97 
G
ro
up
 B
 - 
M
id
 P
oi
nt
er
s 
B1 
1 2.57 5.59 1.95 2.50 2.98 4.97 4.92 0.21 2.77 3.82 
2 2.43 5.47 2.06 2.56 2.96 8.16 4.40 0.42 2.79 3.90 
3 2.50 5.54 2.00 2.53 2.96 7.18 5.46 0.24 2.84 3.88 
AVG 6.77 4.93 0.29 2.80 3.87 
B2 
1 2.96 4.86 1.69 2.88 4.74 8.22 3.67 0.61 3.61 4.18 
2 2.14 4.91 2.34 2.85 3.25 12.60 4.53 0.61 3.22 4.35 
3 2.17 4.80 2.30 2.92 3.42 7.50 2.43 1.27 3.18 4.32 
AVG 9.44 3.54 0.83 3.34 4.28 
B3 
1 2.42 5.05 2.07 2.77 3.42 14.00 1.06 12.46 3.28 4.59 
2 2.25 4.81 2.22 2.91 3.52 9.48 3.75 0.67 3.30 4.43 
3 2.48 5.08 2.02 2.76 3.46 13.47 3.97 0.85 3.25 4.31 
AVG 12.32 2.93 4.66 3.28 4.44 
Classification avg 9.51 3.80 1.93 3.14 4.20 
G
ro
up
 C
 - 
H
ig
h 
Po
in
te
rs
 
C1 
1 2.32 4.68 2.16 2.99 3.81 12.68 3.57 0.99 3.41 4.39 
2 2.01 4.69 2.49 2.99 3.36 12.42 3.52 1.00 2.99 4.40 
3 2.29 4.94 2.18 2.83 3.40 11.13 4.20 0.63 3.42 4.29 
AVG 12.08 3.76 0.88 3.27 4.36 
C2 
1 2.34 5.02 2.14 2.79 3.36 16.00 4.26 0.88 3.29 4.22 
2 2.32 5.08 2.16 2.76 3.26 15.38 4.60 0.73 3.17 4.17 
3 2.17 4.94 2.30 2.83 3.25 10.89 3.03 1.19 3.00 4.38 
AVG 14.09 3.96 0.93 3.15 4.26 
C3 
1 2.42 5.41 2.07 2.59 3.01 6.79 4.05 0.41 3.18 4.55 
2 2.50 5.27 2.00 2.66 3.25 5.96 1.18 4.28 3.24 4.54 
3 2.44 5.43 2.05 2.58 3.01 5.17 1.23 3.42 3.13 4.33 
AVG 5.97 2.15 2.70 3.18 4.47 
Classification avg 10.71 3.29 1.50 3.20 4.36 
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The obtained results of velocity and acceleration indicate that for the sample of 
athletes tested: 
• The 14m-sprint test is completed in a max elapsed time of 6.71s with the average 
being 5.40s for the complete sample tested. 
• The first 5m of the test are completed in a max time of 3.07s with the average 
being 2.53s. 
• Maximum velocities during this test are achieved after the 5m mark. 
• Maximum acceleration is achieved in the first 1-2m distance. 
• Maximum acceleration from standing still was recorded after 2s for all athletes. 
• The first 5 meters of the 14m test take up to an average of 47% ±3.4% of the time 
required to complete the entire 14meters for all the athletes and trials sample 
n=27. The maximum velocity achieved in the first 5 meters of the 14m is up to an 
average of 75% ±4.2% of the achieved maximum velocity for the 14m for the 
entire sample of trials and athletes.  
• There are clear differences between group performances in regards to 
classification of athletes. The scores of avg. velocity over 14m obtained from 
group A (M=2.33±0.12) was significantly lower than group B (M=2.74,±0.17) 
with conditions t(16)= -6.02, p = <.0001, and C (M=2.78±0.15) with conditions 
t(16)=-7.04, and p = <.0001. Group B presented a lower mean value in 
comparison to group C for the condition of avg. velocity over 14m; however, no 
significant differences were obtained. 
• Clear differences were also observed across category groups in the time achieved 
over the entire 14meters. Group A took the longest to complete the test (A 
(6.03±0.33) vs B (5.12±0.32): t(16)= +5.92, p= <.0001,); and the time average for 
group C (5.05±0.28) was just under group B, hence, no significant differences fin 
relation to group B were found. The above indicates that the analysis of 
performance data by classification of athletes is appropriate and conclusions 
should be drawn at the individual and classification group level only. 
• No significant differences were found for any of the acceleration criteria. The 
analysis of this parameter as it was measured (max acceleration, time to achieve it, 
and distance covered at max. acceleration) didn’t show to be very effective due to 
the difficulty to match the acceleration data as presented in table 4.2 to a defined 
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velocity outcome or effect. The measure of velocity at different stages seems to be 
the more appropriate performance indicator.  
4.1.3 Description of agility performance measurements 
The Illinois agility test is a timed task involving straight sprinting and multidirectional 
movement around stationary obstacles and it is performed across a wide range of team 
sports [108]. Studies to date involving able body sports indicate that agility 
performance does not appear to be strongly linked with straight-speed segment 
components [109, 110]. These studies concluded that training for change of direction, 
speed and agility must involve highly specific training that recognizes the specific 
demands of the sport [108].  
In wheelchair rugby, the Illinois test is highly regarded for training purposes as 
explained in previous chapters. Recent qualitative studies have shown that tangential 
velocities and turning radii during the Illinois agility test are variables of high 
importance for wheelchair rugby athletes and coaches [37]. However, time 
measurement alone does not appear to be sufficient for a comprehensive performance 
assessment of a test that involves a high proportion of multidirectional movement. To 
the author’s knowledge, investigations of performance criteria relating to the Illinois 
agility test for wheelchair sports are not available, despite the Illinois test’s extensive 
use and regarded importance for athletes and coaches in the field. 
Further, the general setting of an Illinois test favours controlled acceleration rather 
than top speed as it involves extensive explosive power activity with multidirectional 
body changes [108]. Henceforth, if athletes’ skill were to be classified from the results 
of the Illinois tests, it would be beneficial to consider instantaneous radius and 
tangential velocity of the turning wheelchair-athlete system, as these variables impact 
the test’s elapsed time.  
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The main objective of this section is to develop a method that allows the evaluation of 
tangential velocity and turning radius that are achieved during the Illinois agility test, 
to complement the evaluation of this tests which is currently based solely on elapsed 
time.  
Once the theoretical method for evaluation is developed, characterisation of 
performance of athletes completing the Illinois test will be performed. The 
instantaneous radii and tangential velocities of the turning chair for each of the eleven 
turns of the Illinois test as shown in Figure 4.3, will be evaluated according to the 
following hypotheses, which are based on optimisation strategy of performance for 
the test’s turning circuit:  
• athletes produce a larger rc in turns 3, 4, 5, 7, 8 and 9 
• athletes produce a smaller rc in turns 2, 6 and 10 
• athletes produce a larger rc in turns 1 and 11  
 
 
Figure 4.3. Illinois agility test setting provided by the athletes’ coach. 
T1
T2
T3
T4
T8
T5
T7T9
T6
T10
T11
10 m
5 m
00:00:00
00:00:00
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4.1.3.1 Protocol of data collection for the Illinois Agility test 
Athletes were required to sprint across a predetermined path where eleven turns 
around different gates take place as previously shown in Fig. 4.3. The length of the 
course is 10 m and the width or distance between the start and finish points is 5 m. 
Four cones are used to mark the start, finish and the two turning points. Another five 
cones are placed at the centre of the course and spaced 1.5 m apart starting 2 m from 
the finish line (refer to Fig. 4.3). 
To initiate the testing, the athlete was lined up the on the starting line. Once an athlete 
was ready to start, the sensor was switched on and the athlete was requested to remain 
still for five seconds in order to normalize acceleration data (reading of zero 
acceleration). On the 'Go' command, a stopwatch was initiated and the athlete pushed 
around the course in the direction indicated without knocking the cones over (Fig. 
4.3). Athletes were requested to perform the drill in same conditions as a regular 
training session. The overall trial time was recorded once the athlete reached the 
finish line and accelerometer data were recorded for further five seconds with the 
chair completely stopped. Three different data sets were taken for each athlete with 
two minutes rest in between sets. The measurement protocol was the same for all 
participants and reference video footage was recorded for each trial. 
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4.1.3.2 Method for determining the instantaneous radius and tangential velocity of 
a turning wheelchair  
The instant centre of turning (IC, Fig. 4.4) is located on a line connecting the two 
hubs of the two wheels. 
 
Figure 4.4. Top view of a rugby wheelchair; d = distance between centre of accelerometer and midpoint of 
the line connecting the hubs of the wheels (C), IC = instant centre of the turning wheelchair, rc = turning 
radius of the wheelchair (from IC to C), ra = distance between IC and centre of accelerometer, θ  = angle 
between ra and rc, ax and ay = components of the instantaneous resultant of the horizontal acceleration, ar 
and at = radial and tangential acceleration 
From Fig. 4.4, the instantaneous turning radius rc corresponds to the distance between 
IC and the centre of the wheelchair (C). The tangential velocity v of the wheelchair is 
determined from its angular velocity ωz and the radial acceleration ar of the 
accelerometer: 
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       (4.1) 
         (4.2) 
         (4.3) 
 
where d is the distance between centre of accelerometer and C; ra is the distance 
between IC and centre of accelerometer; θ is the angle between ra and rc; θ is negative 
if x is positive; ax and ay are the components of the instantaneous resultant of the 
horizontal acceleration (Fig. 4.4). 
The unknowns of Eqs. (4.1 - 4.3) are ar, θ, and ra. 
Substituting Eqn. (4.3) in Eqn. (4.2) and the latter in Eqn. (4.1) yields 
 
      (4.4) 
 
Solving the 2nd order Eqn. (4.4) for ar yields two solutions 
  
         (4.5a) 
and 
         (4.5b) 
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        (4.6) 
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and 
       (4.7) 
 
Eqn. (4.5b) delivers ar < d which implies that θ in Eqn. (4.2) is no longer real. C in 
Eqn. (4.7) can, in rare cases, be imaginary, if . The angle θ is 
calculated from Eqn. (4.2), and rc and v from 
         (4.8) 
         (4.9) 
 
When moving along a straight path, ωz = 0 and rc = ∞. In order to obtain the data ωz, 
rc, v at the turns only, all data with rc > 2 m were removed (See Fig. 4.5 in next 
section) Subsequently, the average rc and v were calculated for each turn. 
4.1.3.3 Method validation 
In order to achieve the second objective of this study and prove the validity of the 
developed method, a known radius and velocity value as target for expected 
performance was necessary in order to eliminate ambiguity of an unknown target 
value (i.e. skill based validation). A rugby wheelchair, instrumented as shown in Fig. 
4.4 was moved twice around the circumference of a circle (720 degrees), whilst 
recording the time that was taken to do this with a stopwatch. The wheelchair was 
moved at different velocities around circles of diameters of 2.16m, 1.36m and 0.72m; 
which resulted in average linear speeds of 0.5 – 2 m/s. Additionally, the accelerometer 
was placed on the turntable of a polishing machine that was rotated at 50, 55, 60, 65 
and 70 rpm with the accelerometer unit of the sensor placed at a distance of 100 mm 
)(4 22422 yxz aadBC +−= ω
22242 )(4 Baad yxz >+ω
θtan
drc =
c
zrv ω=
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from the rotation centre. From the data that was recorded, rc was calculated and 
compared to the original radius. The radius calculated was on average 1.015 times 
larger than the original one, resulting in an error of 1.5%. The coefficient of 
determination (r2) of the linear regression through origin was 0.9882. Verification 
data for court circumference and polishing machine can be found in Appendix B. 
4.1.3.4 Data Analysis 
Figure 4.5 has been rotated to present a typical angular velocity plot of the Illinois 
agility test drill. From Fig. 4.5, the number of turns performed during the test as well 
as their direction can be identified as the plot peaks (continuous curve). The turning 
radius rc of the wheelchair (discontinued curve closest to ωz = 0) as well as the linear 
velocity v (discontinued curve furthest from ωz = 0) achieved on each turn are also 
presented on this graph. As mentioned above, when ωz = 0, rc = ∞. Therefore, rc data 
larger than 2 m were removed in order to confine the data to turning radii of ≤ 2 m. 
From Fig. 4.5 is also noticeable that, as expected, the velocity data seem to be larger 
when ωz approached zero. As point of reference, zero ωz is indicated as a straight 
median line in Fig. 4.5.  Calculation of the mean of v and rc of each peak provided 
results for analysis of each turn of the Illinois test for each of the trials performed by 
athletes. These trials can then be averaged to obtain a mean performance for the 
individual athlete, or combined to conclude group classification performance. The 
following section will show some of the results and performance analysis possible 
with the use of this method. 
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4.1.3.5 Characterisation of performance of athletes using the method developed 
In order to analyse the performance of test participants, a predefined set of 
performance parameters are required. In order to favour elapsed time and to relate the 
analysis of the test to game dynamics, the Illinois test results for all nine athletes were 
analysed as to the following optimisation of performance:  
a) Velocity v: the larger v the better; large v results in fast movements during turn. 
b) Turns 3, 4, 5, 7, 8 and 9: the larger rc the better; larger rc enables direct path, 
closer to obstacles gates or cones. 
c) Turns 2, 6 and 10: the smaller rc the better; small rc reduces the gap between 
wheelchair and obstacles, gates or cones. 
d) Turns 1 and 11: no clear trend: larger rc allows maintaining the velocity, whereas 
smaller rc results in less time spent at performing the turn at a smaller velocity; 
The decision between these two options is guided by energy principles; in this 
case, larger rc is preferable to maintain the kinetic energy rather than decelerating 
before and accelerating after the turn at a physiological cost. 
 
Figure 4.6. Turn identification number in test turning circuit 
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The hypotheses based on optimisation strategy of performance, to be tested in this 
study, are as follows: 
1) athletes produce a larger rc in turns 3, 4, 5, 7, 8 and 9 
2) athletes produce a smaller rc in turns 2, 6 and 10 
3) athletes produce a larger rc in turns 1 and 11  
The test circuit with the turn identification number is shown in Fig. 4.6  
According to the hypotheses mentioned above and the test circuit shown in Fig. 4.6, 
four performance quadrants can be identified for different turn radii and velocities as 
shown in Fig. 4.7. 
 
Figure 4.7: Performance quadrants for radii and tangential velocity performance by turn number identified 
in 4.6. 
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It is important to note that a hypothesis of expected performance is necessary before 
analysis of results, and is also subjected to athlete or coach demands for performance 
targets. For instance, a desired performance can be targeted to suit a specific game 
strategy or to train specific athlete’s skills. This hypothesis is to be confirmed or 
rejected with application of the method proposed. Assessment (acceptance or 
rejection) and discussion of hypotheses for the complete research sample will be 
presented in the following sections.  
4.1.3.6 Results  
a) Time measurements: 
Elapsed time averages, standard deviation and error in the mean for each athlete as 
well as categories are presented in Table 4.3.  
Table 4.3. Stop watch averaged results (s), standard deviation and error in the mean. 
 1 2 3 Classification Avg.(s) STDEV SEM 
A 28.72 31.95 30.59 30.42 s 1.62 0.94 
B 29.58 27.25 27.39 28.07 s 1.31 0.75 
C 29.40 28.06 29.04 28.83 s 0.69 0.40 
 
b) Tangential velocity and turning radius measurements: 
 
As an example of the data analysed for each athlete, Table 4.4, shows complete 
results for athlete B3 including the three trials and average values. The results in table 
4.4 were plotted as shown in Figure 4.8 to visually analyse the consistency of athlete’s 
across trials, as well as values ranges achieved for each turn. Figure 4.8 shows the 
turning radius rc and tangential velocity v plotted in parallel against the turn number 
for three trials performed by athlete B3. 
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Table 4.4 Turning radius and velocity results obtained for subject B3.  
1.1.1.4.1.1 TRIAL 1.1.1.4.1.2 T1 1.1.1.4.1.3 T2 1.1.1.4.1.4 T3 
B3 Avg performance 
1.1.1.4.1.5 Avg. t = 27.39s 
1.1.1.4.1.6 Peak # 
1.1.1.4.1.7 Turns 
MEA
N rc 
1.1.1.4.1.8 Turns 
MEA
N v 
Turns 
MEAN 
rc 
Turns 
MEAN 
v 
Turns 
MEAN 
rc 
Turns 
MEAN 
v 
Turns 
MEAN 
rc 1.1.1.4.1.9 STDEV 1.1.1.4.1.10 SEMean 
1.1.1.4.1.11 Turns 
MEA
N v 
1.1.1.4.1.12 STDEV 1.1.1.4.1.13 SEMean 
1 0.94 2.48 1.05 2.60 1.08 2.54 1.024 0.073 0.042 1.1.1.4.1.14 2.540 1.1.1.4.1.15 0.059 1.1.1.4.1.16 0.034 
2 0.96 2.65 0.93 2.57 0.96 2.59 0.949 0.014 0.008 1.1.1.4.1.17 2.605 1.1.1.4.1.18 0.044 1.1.1.4.1.19 0.025 
3 0.95 2.53 0.88 2.36 1.05 2.48 0.960 0.085 0.049 1.1.1.4.1.20 2.456 1.1.1.4.1.21 0.090 1.1.1.4.1.22 0.052 
4 0.97 2.30 0.88 2.70 0.95 2.50 0.932 0.042 0.024 1.1.1.4.1.23 2.504 1.1.1.4.1.24 0.201 1.1.1.4.1.25 0.116 
5 0.91 1.99 0.79 2.22 0.96 2.18 0.886 0.090 0.052 1.1.1.4.1.26 2.130 1.1.1.4.1.27 0.123 1.1.1.4.1.28 0.071 
6 0.73 2.19 0.76 2.33 0.75 2.20 0.745 0.017 0.010 1.1.1.4.1.29 2.241 1.1.1.4.1.30 0.077 1.1.1.4.1.31 0.044 
7 0.96 2.27 0.93 2.15 0.98 2.55 0.956 0.022 0.013 1.1.1.4.1.32 2.326 1.1.1.4.1.33 0.206 1.1.1.4.1.34 0.119 
8 0.90 2.41 0.89 2.42 1.01 2.39 0.932 0.064 0.037 1.1.1.4.1.35 2.407 1.1.1.4.1.36 0.016 1.1.1.4.1.37 0.009 
9 1.00 2.40 1.00 2.31 1.00 2.54 1.000 0.001 0.000 1.1.1.4.1.38 2.417 1.1.1.4.1.39 0.118 1.1.1.4.1.40 0.068 
10 0.85 2.22 0.90 2.24 0.88 2.19 0.874 0.023 0.013 1.1.1.4.1.41 2.215 1.1.1.4.1.42 0.025 1.1.1.4.1.43 0.015 
11 1.14 2.41 1.12 2.27 1.02 2.38 1.096 0.065 0.037 1.1.1.4.1.44 2.352 1.1.1.4.1.45 0.076 1.1.1.4.1.46 0.044 
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Figure 4.8. rc and v against turn number for three trials performed by subject B3 
Hypothesis testing: 
To analyse individual athlete’s results against the performance criteria hypothesised 
for this test (see section 4.1.3.5); the trials of each athlete were averaged and used to 
assess change of direction performance according to values of tangential velocity and 
instantaneous radius for each turn. This information is presented for subject B3 in Fig. 
4.9; where the tangential velocity v (m/s) (y axis) against the instantaneous radius rc 
(m) (x axis) are plotted for each of the Illinois turns (numbered in Figures 4.5 and 4.6) 
to showcase the location of the turn numbers on the quadrant plot (Fig. 4.7) for 
performance assessment in conjunction with the hypotheses previously listed. 
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Figure 4.9. rc (m) against v (m/s) plot results for subject B3 
Analysis of the turning radius obtained for each athlete over the 11 turns using a one 
sample t-test statistic and evaluating significance of p<0.05 (see Table 4.5), showed 
that testing of hypothesis 1 (expected larger turns: 3, 4, 5, 7, 8 & 9) and hypothesis 2 
(expected smaller radius turns: 2, 6 & 10) could not be confirmed due to inconsistent 
results across the sample of athletes.  
Table 4.5 Significant values of  turning radius for all athlete’s samples. (* confirms hypothesis). Highlighted rc= 
avobe avg.; highlighed p=significant (<0.05). 
 
Peak # 
1 2 3 
Group 1.1.1.4.1.47 Turns MEA
N rc 
1.1.1.4.1.48 p 
Turns 
MEAN 
rc 
p 
Turns 
MEAN 
rc 
p 
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 1.1.1.4.1.49 1 0.963 0.008 1.000 0.078 0.977 0.266 
 1.1.1.4.1.50 2 0.973 * 0.018 
0.875 
* 0.024 
0.844 
* 0.001 
 3 1.026 0.572 0.869 0.016 0.923 0.233 
 4 1.196 * 0.000 0.975 0.324 0.974 0.322 
A 1.1.1.4.1.51 5 1.006 0.225 1.006 0.054 
1.006 
* 0.032 
 1.1.1.4.1.52 6 0.933 * 0.0 
0.828 
* 0.001 
0.816 
* 0.000 
 1.1.1.4.1.53 7 0.984 0.059 0.984 0.200 0.984 0.166 
 1.1.1.4.1.54 8 1.189 * 0.000 0.958 0.692 0.929 0.342 
 1.1.1.4.1.55 9 1.060 0.464 0.823 0.001 
1.046 
* 0.002 
 1.1.1.4.1.56 10 1.090 0.086 1.118 0.000 
0.921 
* 0.204 
 1.1.1.4.1.57 11 1.022 0.509 0.985 0.189 1.037* 0.003 
 1.1.1.4.1.58 1 0.938 0.487 1.173* 0.000 1.024* 0.012 
 1.1.1.4.1.59 2 1.005 0.008 1.076 0.005 0.949 0.774 
 1.1.1.4.1.60 3 0.966 0.358 0.998 0.100 0.960 0.500 
 1.1.1.4.1.61 4 0.865 0.000 0.851 0.140 0.932 0.747 
B 1.1.1.4.1.62 5 0.976 0.149 0.888 0.475 0.886 0.070 
 1.1.1.4.1.63 6 0.865 * 0.000 
0.725 
* 0.001 
0.745 
* 0.000 
 1.1.1.4.1.64 7 1.026 * 0.001 0.919 0.982 0.956 0.593 
 1.1.1.4.1.65 8 0.910 0.037 0.840 0.093 0.932 0.747 
 1.1.1.4.1.66 9 0.945 0.770 0.834 0.074 1.000 0.055 
 1.1.1.4.1.67 10 0.935 * 0.388 
0.749 
* 0.003 
0.874 
* 0.033 
 1.1.1.4.1.68 11 1.015* 0.003 1.071* 0.006 1.096* 0.000 
 1.1.1.4.1.69 1 1.038* 0.004 1.000* 0.007 1.019* 0.029 
 1.1.1.4.1.70 2 1.043 0.002 0.948 0.224 0.951 >0.99999 
 1.1.1.4.1.71 3 0.883 0.000 0.860 0.047 0.855 0.005 
C 1.1.1.4.1.72 4 1.008 0.079 0.924 0.753 0.937 0.610 
 1.1.1.4.1.73 5 1.034 * 0.006 
0.991 
* 0.013 0.898 0.074 
 1.1.1.4.1.74 6 0.912 * 0.004 
0.769 
* 0.000 
0.775 
* 0.000 
 1.1.1.4.1.75 7 0.951 0.185 
1.038 
* 0.001 
1.060 
* 0.002 
 1.1.1.4.1.76 8 0.960 0.394 0.844 0.015 0.938 0.636 
 1.1.1.4.1.77 9 1.020 * 0.023 0.878 0.155 0.953 0.942 
 1.1.1.4.1.78 10 0.935 * 0.039 
0.852 
* 0.027 1.008 0.058 
 1.1.1.4.1.79 11 0.940 0.065 0.971 0.050 1.072* 0.001 
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Table 4.5 presents significant values obtained for the each turning radius obtained, in 
comparison to the complete radius sample of each athlete. From Table 4.5 the 
following is concluded: 
Confirmation of hypothesis 1: (expected larger turns: 3, 4, 5, 7, 8 & 9) 
Turn 3: not confirmed - rejected for all athletes; Turn 4: one of nine athletes; Turn 5: 
three out of nine athletes; Turn 7: three out of nine athletes; Turn 8: one of nine 
athletes; Turn 9: two out of nine athletes. 
Confirmation of hypothesis 2: (expected smaller radius turns: 2, 6 & 10) 
Turn 2: three out of nine athletes; Turn 6: confirmed for all nine athletes; Turn 10: six 
athletes out of nine. 
Confirmation of hypothesis 3: (expected smaller radius turns: 1 & 11) 
Turn 1: five out of nine athletes; Turn 11: five out of nine athletes. 
The only turn that was significantly smaller as postulated was Turn 6, this is expected 
due to the 180 degree turning condition of this particular turn (see fig. 4.6). The 
overall results of this hypothesis as performance indicator are not satisfactory; hence, 
hypotheses 1 and 2 and larger/smaller radius as a performance parameter are rejected. 
Analysis of the similar nature shown the velocity of turns presented in Table 4.6 for 
the estimated smaller radius (2, 6 and 10), is generally consistently larger than the 
ones in the expected larger radius (turns 3, 4, 5, 7, 8 and 9) with significant difference 
in eight of the nine athletes. Turns 1 and 11 showed a tendency for higher radii in 
most athletes (N=7) presenting also significantly higher velocity values during those 
turns, particularly for the first turn. Hence, hypothesis 3 of larger radius to maintain 
velocity as a performance parameter is accepted. 
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Table 4.6 Significant values of  velocity for all athlete’s samples. Highlighted v=avobe avg.; highlighed 
p=significant (<0.05). 
Grou
p Peak # 
1 2 3 
1.1.1.4.1.80 Turn
s 
MEA
N v 
1.1.1.4.1.81 p 
Turns 
MEA
N v 
p 
Turns 
MEA
N v 
p 
A 
1.1.1.4.1.82 1 2.951 0.000 2.293 
0.00
1 2.440 
0.00
0 
2 2.703 0.0288 2.215 0.015 2.445 
0.00
0 
3 2.494 0.981 2.146 0.170 2.122 
0.02
9 
4 2.559 0.4552 2.115 0.424 2.191 
0.43
0 
5 2.133 0.001 2.133 0.254 2.133 
0.04
7 
6 2.568 0.395 1.941 0.019 2.230 
0.88
4 
7 2.170 0.002 2.170 0.076 2.170 
0.20
8 
8 2.305 0.040 2.039 0.470 2.210 
0.73
5 
9 2.389 0.216 1.694 0.000 2.104 
0.01
4 
10 2.308 0.043 2.058 0.730 2.060 
0.00
2 
11 2.874 0.001 2.026 0.331 2.357 
0.00
8 
B 
1.1.1.4.1.83 1 2.407 0.004 2.564 
0.00
0 2.540 
0.00
5 
2 2.382 0.007 2.576 0.000 2.605 
0.00
0 
3 1.593 0.000 2.318 0.518 2.456 
0.11
9 
4 2.257 0.151 2.270 0.086 2.504 
0.01
9 
5 2.275 0.100 2.313 0.443 2.130 
0.00
0 
6 2.147 0.978 2.371 0.502 2.241 
0.01
0 
7 2.277 0.095 2.201 0.004 2.326 
0.23
9 
8 2.087 0.394 2.333 0.783 2.407 
0.56
7 
9 2.063 0.244 2.175 0.001 2.417 
0.43
2 
10 1.941 0.014 2.276 0.110 2.215 
0.00
4 
11 2.208 0.416 2.386 0.305 2.352 
0.52
4 
C 
1.1.1.4.1.84 1 2.872 0.000 2.606 
0.00
0 2.447 
0.00
4 
2 2.721 0.013 2.514 0.002 2.456 
0.00
2 
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3 2.592 0.605 2.279 0.898 2.315 
0.00
3 
4 2.337 0.001 2.211 0.191 2.365 
0.35
8 
5 2.698 0.029 2.198 0.131 2.357 
0.18
7 
6 2.442 0.042 2.281 0.927 2.447 
0.00
4 
7 2.539 0.644 2.176 0.067 2.279 
0.00
0 
8 2.458 0.071 2.204 0.156 2.330 
0.01
5 
9 2.509 0.319 1.974 0.000 2.407 
0.18
7 
10 2.320 0.001 2.249 0.505 2.412 
0.12
0 
11 2.717 0.015 2.457 0.010 2.386 
0.82
5 
 
Turns 1 and 11 showed a tendency for higher radii in most athletes (N=7) presenting 
also significantly higher velocity values during those turns, particularly for the first 
turn. Hence, hypothesis 3 of larger radius to maintain velocity as a performance 
parameter is accepted. 
If turns 1, 2, 6 and 11 are classified as >90 deg then turns <90 deg should have a 
larger turning radius. This was significantly true for one athlete, and insignificant in 
all others.  
Where the overall performance of the athlete’s tests is considered, an analysis of 
Figure 4.10 presents the differences in velocity and radius obtained for all athletes. 
This type of diagram could be a useful tool for a coach to identify the profile of 
athletes presenting particular agility strategies of interest. Figure 4.10a shows higher 
significance in velocity between outlined clusters of athlete’s with a smaller standard 
deviation. Figure 4.10b shows less significance in turning radius between outlined 
clusters of athletes with a larger standard deviation.  
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Figure 4.10. Linear velocity v against radius rc,; a: the difference in velocity between the clusters of athletes 
marked with a grey ellipse is significant at p<0.01, b: the difference in radii between the clusters of athletes 
marked with a grey ellipse is significant at p<0.01 
Finally, stopwatch time (Table 4.3) evidently does not correlate strongly with mean 
turning velocity. As time is equal to the displacement over the mean velocity, the time 
taken is dependent on the path chosen by the athlete. As expected, the general trend is 
that the shorter the stopwatch time, the faster the linear velocity during turns and the 
higher the turning radius, the test path is then of least accuracy to increase task 
economy. Slowing down to perform a tighter turn will equate an extra effort by the 
athlete to accelerate from a semi-still position once the turn is completed.  Figure 4.11 
presents the stopwatch time against linear velocity v of all 27 experiments. The 
coefficients of determination (r2) and correlation (r) for the time vs. velocity plot are 
0.276 and 0.526 respectively; indicating that linear velocity during turns accounts 
only for 27.6% of the elapsed stop watch time.  
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Figure 4.11: stop watch time against average linear velocity v of all 27 experiments; dashed line = linear 
regression 
• Classification groups 
Tables 4.7- 4.9, and figures 4.12 -414 present the data obtained for measurements of 
tangential velocity and turning radius for athletes’ classification groups. 
Table 4.7. Mean results for turning radius rc (m) and tangential velocity v (m/s) for classification group A  
Group A 
LOW POINTER AVG (Avg. t = 30.42s) 
Peak # Turns MEAN rc STDEV SEMean Turns MEAN v STDEV SEMean 
1 0.980 0.019 0.011 2.561 0.345 0.199 
2 0.897 0.067 0.039 2.454 0.244 0.141 
3 0.939 0.079 0.046 2.254 0.208 0.120 
4 1.048 0.128 0.074 2.289 0.237 0.137 
5 1.006 0.020 0.015 2.133 0.218 0.171 
6 0.859 0.064 0.037 2.246 0.314 0.181 
7 0.984 0.106 0.062 2.170 0.147 0.077 
8 1.025 0.142 0.082 2.185 0.135 0.078 
9 0.976 0.133 0.077 2.062 0.349 0.202 
10 1.043 0.106 0.061 2.142 0.144 0.083 
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11 1.014 0.027 0.015 2.419 0.427 0.247 
 
Figure 4.12. Group A: Low pointer skill range - n =3 subjects. Sports class ranging between 0.5 – 1.5 
Table 4.8. Mean results for turning radius rc (m) and tangential velocity v (m/s) for classification group B 
Group B 
MID POINTER AVG (Avg. t = 28.07s) 
Peak # Turns MEAN rc STDEV SEMean Turns MEAN v STDEV SEMean 
1 1.045 0.119 0.069 2.504 0.085 0.049 
2 1.010 0.063 0.036 2.521 0.121 0.070 
3 0.975 0.021 0.012 2.122 0.463 0.267 
4 0.883 0.043 0.025 2.344 0.139 0.080 
5 0.917 0.051 0.030 2.240 0.097 0.056 
6 0.779 0.076 0.044 2.253 0.113 0.065 
7 0.967 0.055 0.031 2.268 0.063 0.036 
8 0.894 0.048 0.028 2.275 0.168 0.097 
9 0.926 0.085 0.049 2.219 0.181 0.104 
10 0.852 0.095 0.055 2.144 0.178 0.103 
11 1.061 0.042 0.024 2.315 0.095 0.055 
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Figure 4.13. Group B: Mid pointer skill range - n =3 subjects with sports class categories ranging between 
1.5 – 2.5 
Table 4.9. Mean results for turning radius rc (m) and tangential velocity v (m/s) for classification group C 
Group C 
HIGH POINTER AVG (Avg. t = 28.83s) 
Peak # Turns MEAN rc STDEV SEMean Turns MEAN v STDEV SEMean 
1 1.019 0.019 0.011 2.642 0.215 0.124 
2 0.981 0.054 0.031 2.564 0.139 0.080 
3 0.866 0.015 0.009 2.395 0.171 0.099 
4 0.956 0.045 0.026 2.304 0.082 0.047 
5 0.974 0.070 0.040 2.417 0.255 0.147 
6 0.819 0.081 0.047 2.390 0.095 0.055 
7 1.016 0.057 0.033 2.331 0.187 0.108 
8 0.914 0.062 0.036 2.331 0.127 0.073 
9 0.950 0.071 0.041 2.297 0.284 0.164 
10 0.932 0.078 0.045 2.327 0.081 0.047 
11 0.994 0.069 0.040 2.520 0.174 0.100 
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Figure 4.14. Group C: High pointer skill range - n =3 subjects with sports class categories ranging between 
2.5 – 3.5 
The obtained average radii and velocity for group A, B and C with standard deviation 
and error in the mean are presented in Table 4.10 below. 
Table 4.10. Mean results for turning radius rc (m) and tangential velocity v (m/s) for all classification groups  
 
1.1.1.4.1.85 Mean rc (m) Mean v (m/s) 
1.1.1.4.1.86 A 1.1.1.4.1.87 B 1.1.1.4.1.88 C 1.1.1.4.1.89 A 1.1.1.4.1.90 B 1.1.1.4.1.91 C 
AVG 
1.1.1.4.1.92 0
.
9
8 
1.1.1.4.1.93 0
.
9
4 
0.95 
1.1.1.4.1.94 2
.
2
7 
1.1.1.4.1.95 2
.
2
9 
1.1.1.4.1.96 2
.
4
1 
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STDEV 
1.1.1.4.1.97 0
.
0
6 
1.1.1.4.1.98 0
.
0
9 
1.1.1.4.1.99 0
.
0
6 
1.1.1.4.1.100 0
.
1
5 
1.1.1.4.1.101 0
.
1
3 
1.1.1.4.1.102 0
.
1
2 
SEM 
1.1.1.4.1.103 0
.
0
2 
1.1.1.4.1.104 0
.
0
3 
1.1.1.4.1.105 0
.
0
2 
1.1.1.4.1.106 0
.
0
5 
1.1.1.4.1.107 0
.
0
4 
1.1.1.4.1.108 0
.
0
3 
  
A t-test was performed to compare classification groups.  
Avs.B: Comparison Arc vs Brc retrieved t conditions; t (17) = 1.34, p = 0.19. 
Comparison Av vs Bv retrieved t conditions; t (19) = -0.43, p = 0.67. There were no 
significant differences in the mean values of rc or v for lower point class (A) group of 
athletes in comparison to the mid point class (B). Performance of both groups are not 
significantly different; although notably, low pointer group has tend to present higher 
raddi and lower velocity in comparison to the other two more physically capable 
groups.   
Avs.C: Comparison Arc vs Crc retrieved t conditions; t (19) = 1.23, p = 0.23. 
Comparison Av vs Cv retrieved t conditions; t (18) = -2.51, p = 0.022. 
Bvs.C: Comparison Brc vs Crc retrieved t conditions; t (18) = -0.32, p = 0.76. 
Comparison Bv vs Cv retrieved t conditions; t (19) = -2.32, p = 0.03. 
 
 
Investigations of differences in velocities between groups A and C as well as B and C 
were significantly high for the class group C (p ≤ 0.05).  
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4.1.3.7 Conclusions 
The results of this experimental study demonstrated that: 
• It was established that the measurement of elapsed time alone is not descriptive 
enough for the assessment of performance of wheelchair athletes propelling their 
wheelchairs over a curvilinear path around obstacles. Obstacle management is an 
important skill embedded into the dynamics of court-based wheelchair sports. The 
fact that the time is dependent on the chosen path by the athlete simplifies the 
nature of the task and can compromise training for a specific game activity of 
target skill. The measurements of turning radius and linear velocity are relevant 
for the assessment of agility skill of wheelchair athletes additionally to test times. 
• The assessment of hypotheses based on expected athlete’s performance in the 11 
turns of the Illinois test, resulted in only one of three hypothesis accepted as 
performance parameter. 
• The Analysis of the turning radius and velocity performance behaviour of the 
athletes participating in the study (N=9) showed around the same number of 
significant differences (rc=49, v=48). However, turning radius did not correlate 
closely to the hypothesised performance of each of the turns, whereas the velocity 
parameter did associate with the expected faster turns, and showed significant 
differences for higher mean values obtained by group C in comparison to groups 
B and C, with p values of (p<0.02) for CvsA, and (p<0.3) for CvsB. According to 
these results, the relevance of a current assessment of performance 
characterisation of these athletes should be based on the velocity parameters 
alone.  
• Smaller velocities were found in both low and mid pointers. Hence the importance 
of faster velocity as a performance parameter is confirmed as group C is known to 
be the higher performance group. As evident from Fig. 4.10, velocity is a better 
performance parameter than radius.  
• The slight variations in the performance means of the three groups of athletes are 
congruent with the performance and physical ability of each classification group. 
In general, group A is expected to have reduced limb ability out of the three 
groups. In addition, the wheelchairs used by group (A) athletes are usually longer 
and less manoeuvrable than those of the other groups in terms of turning activity. 
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• In regards to test times; the fact that the stop watch time does not correlate 
strongly with the mean velocity is understandable when considering that the test 
time depends also on the speed achieved in the straight segments of the test 
(before and after turns 1 and 11) whereas the velocity presented in the study is 
determined only at the turns.   
• Low velocities were observed for subjects B2 and C2 on turns other than 1,2,11. 
Yet, they were two of the best times from stopwatch data. Further examination of 
visual data for the two subjects displayed a more controlled turning technique 
during continuing turning section of the test. Their technique correlates with their 
rc curves as high accuracy on turning keeps smaller radii and thus, generally 
constant angular velocity was observed. Consequently, the overall test time helps 
determining which athlete is faster at turns and slower at straight segments and 
vice versa.  
• If agility performance is not strongly linked with straight-speed segment 
components as outlined by Sheppard & Young (2006), then the current assessment 
of performance by stop watch times only is not accurate. Observation of the 
behaviour of athletes performing the current agility test setting as a familiar 
procedure, leads to questioning the validity of current agility test. Current test 
performance seems to link agility to velocity (faster to complete test = more 
agile). Test assessment does not seem to consider a small or large radius 
depending on obstacle placement, hence the weak correlation with stopwatch data. 
The value of the current Illinois agility test for assessing athlete’s performance is 
questionable if athletes can compensate less agility on multidirectional movement 
by speeding up at straight segments.  
• The ability to achieve rapid and repeated whole-body movement with change of 
direction is one of the determinants of sports performance [108]. Hence, detailed 
data related to instantaneous turning behaviour is important in sports performance 
analysis and training. This research demonstrated that additional to tests times; 
tangential velocities and instantaneous radii are variables that can be investigated 
when qualifying the agility level of a specific athlete. The trial time alone is not a 
sufficient assessment for this type to test as is closely related to linear paths rather 
than change of direction activity. The developed method was shown to be valid 
and adequate for analysing the turning performance and technique of wheelchair 
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sports athletes using the Illinois Agility test or any other turning drill for training 
purposes.  
• Turning accuracy; test techniques; achieved velocities whilst turning and test 
times can be analysed with the aim of assessing or improving athletes’ skills and 
game strategy. 
• The evaluation presented in this section has been performed and presented from a 
sports engineering perspective based on investigation of change of direction speed 
and radius of turning of the wheelchair. In the context of sport science, most 
recent definition of the term ‘agility’ has been offered by Sheppard & Young 
(2006) as ‘a rapid whole-body movement with change of velocity or direction in 
response to a stimulus’. This study does not include factors such as athletes’ 
reaction component or decision-making. Hence, the researcher’s aim is not to 
assess the athletes’ agility but to provide a method that could serve as a 
performance assessment tool for testing under realistic conditions. Desired 
performance parameters should be analysed and set according to match strategy 
and athlete’s performance target for confirmation of the hypothesis. 
• Averaged trials were used to analyse the athlete’s performance as a mode of 
demonstration with available data samples. When assessing the athletes’ 
performance using this or any other method, a greater data sample of trials per 
athlete is recommended to improve the accuracy of athlete’s performance results 
as well as to analyse consistency of subject’s performance.  
• It is suggested to improve the performance assessment of the Illinois test by using 
instrumented wheelchairs and applying the method described in this chapter. 
Although, only the linear (tangential) velocity seems to be a performance 
parameter, and turning radius could not be found in sample analysed; applicability 
of the turning radius could be a potential performance parameter given a fixed 
path, as mobility target is enforced in the protocol and valid for training purposes. 
• The method developed and proposed, proved to be valid for assisting performance 
assessment of wheelchair sports athletes using the Illinois Agility test for training 
purposes, and it has been published in the journal of Sports Technology as new 
research contribution to on-court testing of sports wheelchairs [80].  
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4.2 Design of experiments under laboratory conditions 
During dynamic testing on the court, the mass of the wheelchair-athlete system is 
accelerated, whereas in the laboratory on static rolling systems such as an ergometer, 
only the moment of inertia of the rotary parts has to be accelerated. The rotary parts 
are the wheels and the four rollers of the ergometer. The latter are heavy metal rollers, 
which add variable inertia to the system. To account for the inertia of the rollers, the 
system contains an electromagnetic braking system, which regulates the rolling 
resistance of the system. Additionally, as only the two main wheels are in contact with 
the rollers, although considered important in the vehicle mechanics within wheelchair 
sports, the rolling resistance caused by the front caster wheels is disregarded in the 
laboratory environment. The resistance due to caster wheels can make the wheelchair 
decelerate –0.02 to –0.34 m/s2 on a hard smooth surface depending on the weight of 
the athlete on the front casers; Additionally, the roller casters included in the rugby 
wheelchairs contain a rolling resistance parameter (RP-×10–3 m) of 0.36 ± 0.14 1 for 
the wooden gym floor [111] . 
However, despite the disadvantages of static testing for conclusions relating to 
mobility performance of athletes on court, the use of the ergometer in testing multi-
parameter design variation is of high importance for this research. This is because the 
use of the ergometer provides a controlled environment where all variables affecting 
vehicle mechanics such as rolling and air resistance, fluctuations of the centre of 
mass, and internal friction (due to adjustability of wheelchair frame) can be 
independently monitored and adjusted while filtering only the required athlete’s 
performance output in relation to changes in design attributes of the wheelchair.  
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As mentioned in Chapter 2, understanding the effects of the design on performance 
outcome requires multi-parameter testing of the design features of the wheelchair. 
Currently the use of wheelchair simulators or adjustable wheelchairs permits the 
adjustment of camber, seat, backrest as well as interchangeable components such as 
wheels; however, not all parameters can be adjusted simultaneously as these 
parameters are interrelated in the design of the wheelchair and modification of one of 
them will cause uncontrolled modification of others. In order to overcome this 
obstacle, RMIT University in Melbourne Australia has developed a purpose-built 
fully adjustable wheelchair frame (Shown in Fig. 4.15) for use in combination with a 
wheelchair ergometer as described by Burton et. al. in [20] and [112] (Shown in Fig. 
4.16).  
  
Figure 4.15. Left: purpose-built fully adjustable wheelchair frame on ergometer - isometric view front; 
Right: 3D model of the wheelchair frame without wheels - isometric view back  
This piece of equipment allows controlled independent adjustments of virtually all of 
the structural design parameters that were identified in Fig.  3.2 of Chapter 3. The aim 
of use of this instrument is to allow exploring the combined influence of wheelchair 
design variation on mobility performance under controlled conditions, which will 
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ultimately assist in defining the “design space at which a wheelchair should be 
configured for an specific user”. 
  
Figure 4.16. Athlete-wheelchair frame system on ergometer 
The two instruments used in conjunction, allow valid and reliable data collection of 
controlled experimental data in independent or repeated measurement design 
experiments. The main objective of this section is to present a case study describing 
the methodology developed and used for quantifying the influence of vertical and 
horizontal seat position, and wheelchair camber angle; on the kinematic output of a 
highly trained elite athlete during wheelchair propulsion on a static ergometer. 
4.2.1 Methods 
4.2.1.1 Experimental design: wheelchair frame design 
The experimental procedure was carried out with the assistance of the National 
Wheelchair Rugby Coach; also a wheelchair rugby Paralympic athlete. In line with 
the reported findings in [37], the wheelchair frame was adjusted to perform 
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experiments with three different design parameters: seat height rear (SH), camber 
angle (CA) and seat depth or horizontal position of the seat in relation to the main 
wheel axle (SD). Collection of data for each configuration was carried out at three 
levels: athlete’s chair configuration (referred to as B) and two other random 
increments in the parameter measurement. Table 4.11 specify the complete DOE or 
experimental design, configurations and level measured. Adjustments for ergonomic 
parameters such as back rest and seat angles, top wheel distance and wheel size where 
adjusted at the athlete’s custom chair level for comfortable seating position on the 
wheelchair frame as deemed important for wheelchair fit on previous findings [37].  
4.2.1.2 Experimental design 
The 14m-sprint test as explained in [37] was chosen as collected data allows analysis 
of acceleration from standing still position and top velocities achieved over 14m of 
propulsion activity.  Five trials of the 14m-sprint test were performed for each chair 
dimension. 
Table 4.11. Repeated measurement experiment design with three treatments tested at three different levels. 
Exp. Description  
Treatment 
SH CA SD 
0 B : Athlete’s chair configuration B=310 B=14deg B=140 
1 SH at level B+30mm B+30=340 B B 
2 SH at level B+50mm B+50=360 B B 
3 CA  at level B-2deg B B–2=12deg B 
4 CA  at level B+2deg B B+2=16deg B 
5 SD at level B-30mm B B B-30=110 
6 SD at level B+30mm B B B+30=170 
 
The athlete’s customized wheelchair design parameters were measured and collected 
data used to adjust wheelchair frame to configuration ‘B’ or starting point for 
incremental levels of the different dimensions. The aim was to set the wheelchair 
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frame to the athlete’s already ‘customized’ ergonomic fit and then perform the 
experiments outlined. The athlete’s chair was also used for field tests of the 14m-
spring test on the court. Average test times recorded from field tests served as 
estimation of test time required per trial at the laboratory. Table 4.12 shows athlete’s 
wheelchair design configuration. 
Table 4.12. Athlete’s wheelchair configuration values to be used for wheelchair frame configuration ‘B’. 
Athlete’s wheelchair design 
parameters  
Qty Unit Athlete’s wheelchair design parameters  Qty Unit 
Seat height rear (SH) 310 mm Wheel size (diam.) 660 (26) mm (inch) 
Seat depth (SD)  140 mm Frame validation measurements for athlete's ergonomic fit 
Camber angle (CA) 14 deg Ground to thumb (vertical length) 180 mm 
Seat Angle (SA)  32 deg Ground to knee (vertical length) 680 mm 
Back rest angle (BA) 6 deg Ground to top of shoulder (vertical length) 98 mm 
Wheel distance (WD) 440 mm Athlete's weight 117 kg 
 
A purpose built fully adjustable wheelchair frame was designed and manufactured 
with the capacity of adjusting chair design configuration parameters related to 
performance and fit [113]. As previously explained, to initiate experiments the frame 
was configured for the athlete's chair measurements. The athlete’s wheelchair wheels 
were fitted to the adjustable frame and ergonomic position of the athlete validated 
against thumb, shoulder and knee measurements presented in Table 4.12. Reference to 
the work of Faupin [114] for ergometer testing was taken into consideration. After 
adjustment of the wheelchair frame to each configuration level, special attention was 
paid to monitor variables that would have effects on rolling resistance to avoid energy 
losses, e.g. from the wheel alignment (‘toe in’/‘toe out’) [32], tyre pressure, strapping 
of the athlete to wheelchair frame as well as wheelchair frame-athlete system 
mounting on to the ergometer. In addition, all wheelchair parameters that were 
experimentally treated at the time were monitored to remain the same (at 
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configuration B) after each adjustment. This means that every configuration was 
independent of others. This is not usually possible as design parameters of camber for 
instance have a direct effect on seat height and overall with of the wheel base [114]. 
The camber angle of the ergometer was also adjusted with each change in frame.  
The wheelchair frame-athlete system was placed on the Wheelchair Locomotion 
Analysis - VP100 HEF techmachine, (by Handisport, Andrézieux Bouthéon, France) 
2004 and affixed with tensioned straps (front and back) to prevent backward tilting, 
special care was taken in assuring each wheel was in contact with both rollers, and the 
weight was equally distributed. The VPHandisport ergometer allowed 0- 25 angle and 
it was fitted with the Handisoft© software which was specifically adapted for the 
propulsion analysis. The ergometer used is equipped with 2 electromagnetic brakes 
(right and left side, each one assembled in scale on a strain gauge sensor), and 2 
incremental encoders placed in each side to allow the measurement of the 
instantaneous speed. The acquired data from the Handisoft© software included 
instantaneous and mean values of working speed. The acceleration data was 
calculated from the instantaneous velocity. 
4.2.1.3 Test procedures 
Before each sprint trial, the individual (left and right) residual torque (Tr), due to the 
rolling resistance of both the rollers and wheelchair-athlete system mass was 
measured. For this, the method used by Faupin [114] was applied with the difference 
that a 5 min familiarization/warm up period was introduced. Tr measurements for 
each configuration were monitored and accepted with minor differences, if difference 
was greater than 10% of the higher value, a general check of the wheelchair-athlete 
system mounting was carried out and Tr measured again to ensure even or very close 
weight distribution on both rollers.  
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The acceleration on the court is not directly comparable to the acceleration on the 
ergometer. On the court, the mass of the wheelchair-athlete system is accelerated; in 
this scenario, the wheelchair athlete has to generate propulsion forces that overcome 
the rolling resistance of the surface and the inertia associated with the mass and 
acceleration of the user and wheelchair. On the ergometer, only the moment of inertia 
of the rotary parts (wheels and the four rollers of the ergometer) are accelerated 
(Rotational inertia of the roller approx. 0.9096 ± 0.0024 kg*m2/s [115]). For the two 
scenarios to be comparable, the total resistance applied to the rollers in ergometer 
system require the combination of the inertia of the rollers, a known value of rolling 
resistance of the relevant surface and the simulated inertia of the wheelchair occupant 
and wheelchair (calculated in real time). Simulation of these conditions on the 
ergometer are possible but result in a harder and slower push on the ergometer as 
compared to a real world situation such as propulsion on court [116]. This testing 
condition is not ideal for maximal effort with elite athletes as it is a strenuous activity 
with a high risk of injury [65]. For the purpose of this study, only the breaking torque 
registered by the ergometer due to the weight of wheelchair-athlete system on the 
rollers will be recorded. For these tests, the braking torque recorded was on average 
1.936±0.72Nm, N=13. 
The participant performed the experiments in a random order; five 6-s sprints with 
each of the configuration’s levels were measured. The time frame is sufficient to 
achieve a distance over 14m as prior court testing suggested an average of 5.8s for 
this particular athlete and ergometer testing does not take into account front casters 
contact with ground; only the main wheels are in contact with the rollers, hence less 
friction is expected and faster test times and distance covered. 
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At the sign given, the participant performed a sprint from standstill as fast as possible 
recreating the ‘14m sprint test on court’ for 6s. No propulsion technique was imposed 
to the participant. As advised by the participant a rest of 20-30 s was sufficient 
between each sprint. Once all sprint trials on a measurement level were completed a 
complete rest of 5 min was imposed during which time, the experimenter proceeded 
with the adjustments of configurations and ergometer mounting. 
4.2.1.4 Data analysis 
Acceleration and velocity over 14m propulsion test were measured. Each cycle (push) 
obtained over the 14m test was analysed to obtain mean acceleration and mean 
velocity of the pushing phase as shown in Fig.  4.17. Five sprint trials of a 14m 
distance of propulsion yielded a valid number (N) of 45 pushing cycles per treatment 
for paired sample analysis. The first push at every measurement level was excluded 
from the data sample, as these values were outliners due to initial activity in this type 
of experiment.  
Obtaining z-scores of skewness and kurtosis carried out normality check and in some 
cases, K-S tests were applied. An absolute value greater than 1.96 for the valid sample 
size N (45) was taken for significance of the z-score at p < 0.05; these values 
indicated non-significant deviation from normal distribution. Hence, the assumption 
of normal distribution is validated. Student’s T-test was performed to analyse 
significance at p < 0.05. 
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Figure 4.17. Cycle 2 and 3 of one of the 5 sprint trials for SD+30. 1a) Shows analysed acceleration mean 
(ax) during pushing phase for each cycle. b) Shows analysed mean velocity (v) during pushing phase for 
each cycle. 
4.2.2 Laboratory results 
Table 4.13 shows sample size for each configuration, mean, standard deviation and 
error in the mean for the acceleration ax and velocity v. Tables 4.13a) and 4.13b) 
present paired samples correlations and differences for each paired condition. 
Significantly higher velocity values were found for treatment conditions of seat height 
(SH: B+30) and both measurement levels of seat depth (SD: B-30 & SD: B+30).  
Table 4.13: a) Descriptive statistics for all experimental treatments and levels for acceleration data. b) Descriptive 
statistics for all experimental treatments and levels for velocity data. 
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  Valid N (45) N Mean Std. Dev SEMean   Valid N (45) N Mean Std. Dev SEMean 
a) ax data  B 45 2.7844 .34754 0.0518  b) v data B 45 2.8478 .63847 0.0952 
  SH: B+30 61 2.7180 .51016 0.0653   SH: B+30 61 3.1685 .73111 0.0936 
  SH: B+50 54 2.7728 .41108 0.0559   SH: B+50 54 2.8870 .70033 0.0953 
  CA: B-2 60 2.5310 .46084 0.0595   CA: B-2 60 3.0501 .72294 .72294 
  CA: B+2 61 2.5125 .53113 0.068   CA: B+2 61 2.9383 .60287 .60287 
  SD: B-30 60 2.4295 .60414 0.078   SD: B-30 60 3.1102 .72619 .72619 
  SD: B+30 56 2.7257 .45875 0.0613   SD: B+30 56 3.3441 .58715 .58715 
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An average difference of 0.27s and 0.33s for conditions SH: B+30 and SD: B+30 
respectively; was found in test times compared to treatment B (current chair). 
Significant values of acceleration were found in both levels of camber angle (CA+2 
and CA-2) as well as in treatment SD: B-30. Values of acceleration for camber angle 
treatments were lower in relation to treatment B (current chair) by 9.1% and 9.8% for 
CA-2 and CA+2 respectively. Velocities for the same treatments were higher than 
configuration B but not significant by 7.1% for CA12 and 3.2% for CA16.  
Table 4.14: a) Paired samples correlations and differences for ax. b) Paired samples correlations and differences 
for v. 
Paired Conditions 
Correlations ax Differences ax – T-test significance and effect  Correlations v 
Differences v – T-test significance 
and effect 
N r p Mean Std.Dev t p Effect (r)  N r p Mean Std.Dev t p Effect (r) 
Pair 1 B & SH: B+30 45 .031 .839 -.0076 .5948 -.085 .932 0.013  45 .031 .837 -.3861 .9488 -2.730 .009 0.381 
Pair 2 B & SH: B+50 45 -.066 .666 -.0120 .5589 -.144 .886 0.022  45 -.189 .214 .0865 1.0263 .565 .575 0.085 
Pair 1 B & CA-2 45 .104 .499 .2036 .5301 2.576 .013 0.362  45 .251 .097 -.0988 .8430 -.786 .436 0.118 
Pair 2 B & CA+2 45 .287 .056 .2229 .5509 2.714 .009 0.379  45 -.038 .805 -.1440 .9336 -1.035 .306 0.154 
Pair 1 B & SD:B-30 45 .031 .841 .3153 .6703 3.156 .003 0.430  45 -.195 .200 -.3601 1.0950 -2.206 .033 0.316 
Pair 2 B & SD:B+30 45 -.202 .184 .0676 .6167 .735 .466 0.110  45 .001 .995 -.4669 .8761 -3.575 .001 0.474 
4.2.2.1 Discussion of laboratory results 
This section presented a novel method used to investigate the effects of variations of 
selected wheelchair design parameters (vertical and horizontal seat position, and 
wheelchair camber angle) on the output velocity and acceleration achieved by an elite 
athlete during wheelchair propulsion on a static ergometer. The results obtained in 
this experimental investigation provide the following insights: 
• The number of cycles (N=45) presented in Table 4.14 show a range of differences 
in sample size for each configuration. This means that at different configurations 
(each covering a distance of 14m), different N was recorded which ultimately 
reflects on the differences in means mainly in the velocity data set presented in 
Table 4.14b. Mean acceleration values ax do not seem to vary much across 
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configuration levels presented. However mean values of velocity presented in 
Table 4.14b, show consistently higher values of velocity across all treatments 
which could indicate longer pushing times with measurement level without 
necessarily higher accelerations.  
• The z-scores of skewness and kurtosis >1.96 for N (45) taken for significance of 
the z-score at p < 0.05 allowed the Student’s T-test analysis (significance at p < 
0.05) as normal distribution was able to be assumed from the indicated non-
significant deviation from normal distribution. 
• On average, the participant achieved a higher velocity when sitting in a higher 
position SH: B+30, p < 0.009, r = 0.38, however, the highest adjustment SH+50, 
did not show a positive correlation with velocity with a positive t value of 0.575 
favouring condition B (athlete’s own wheelchair) this shows there in an optimum 
level of adjustment. The seat depth condition (horizontal position of the seat) also 
showed significant effects when compared to the athletes chair dimensions, 
favouring the first in both treatment conditions: SD: B-30, t (45)=-2.06, p < 0.033, 
r = 0.32 and, SD: B+30, t (45) = -3.575, p < 0.01, r = 0.47. 
• The values of acceleration for SD-30 were lower than B (current chair 
configuration) p<0.03. However, velocities achieved at this position (SD-30) were 
higher (p<0.33) in comparison to current chair configuration, which could be due 
to a greater push angle by sitting closer to the wheel axle. However, a closer 
position to the rear wheel will result in higher tip, which will be ultimately 
detrimental for performance and safety of the athlete.  
• There are no recorded associations in relation to camber angles as indicated by the 
velocity data. Acceleration data showed higher acceleration values for 
configuration B (CA-2, p<0.13, CA+2, p<0.09). However, velocity means for 
configurations CA +/-2 degrees showed to be higher than configuration B by 7.1% 
for CA12 and 3.2% for CA16. 
• From Table 4.14b, a conclusion on direction of improvement for the treatment 
levels in the adjustable frame would be beneficial. However, most configuration 
levels resulted in higher velocities than the initial athletes chair configuration, 
significance was not found in all treatments. Therefore a further examination of 
these and other treatment levels is advised. Additionally, a higher sample of 
measurement levels is recommended for further research.   
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Chapter Summary 
The chapter presented the experimental results obtained under static and dynamic 
rolling testing conditions. This involved performance data for elite wheelchair rugby 
athletes performing different training drills on court and in the laboratory 
environment. Throughout this process, new experimental and data analysis methods 
and instruments were developed to assist performance analysis of the participating 
athletes; these included the method for analysis of performance during the Illinois 
agility test on court, and the adjustable wheelchair frame to be used in conjunction 
with the wheelchair ergometer. The adjustability capability of the latest, included 
independent design feature adjustment as well as ergonomic fit tailored to the body 
measurements of each of the participating athletes in the study. The advantages and 
disadvantages relating to each of the testing environments were analysed 
experimentally and discussed throughout the chapter. The methods used and 
described here, included data collection techniques and processing of data for a 6 
DOF accelerometer + gyroscope sensor, a static wheelchair ergometer, and a 
purpose built adjustable wheelchair frame. Finally, further data analysis was carried 
out and described to report the performance findings of athletes under both court and 
laboratory testing conditions; the analysis techniques included hypothesis testing, 
analysis of variance, Student’s T-tests, and performance ranking techniques. 
The knowledge generated through this chapter partially addressed the second 
research question (Is it possible to quantify the contribution of wheelchair design 
parameters of rugby wheelchairs to the performance of athletes?) The fully adjustable 
wheelchair frame will allow in subsequent chapters the study of full  DOE models for 
design iteration investigation and the application of the Taguchi method, which 
permit the full address of the research question under investigation in this chapter. 
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Chapter 5. User-centred Design Customisation of Rugby 
Wheelchairs Based on the Taguchi Method 
Chapter Introduction 
Results obtained in Chapter 4 showed that it is possible to improve the wheelchair-
athlete system interaction by varying the key design parameters of the athlete's 
wheelchair to accommodate the athlete's preferences. In order to refine the 
mechanical design of the wheelchair effectively, it is essential to narrow the design 
space to a feasible set of design parameters specific to the individual athlete. In the 
next two Chapters (5 and 6), this problem will be treated using the Taguchi method.   
This chapter generates a new contribution to the bod of knowledge by extending the 
Taguchi method to an application involving a human-machine interface (athlete-
wheelchair). The chapter provides a detailed case study of an elite group of five 
wheelchair rugby athletes, each performing five sets of a 14m-sprint test using the 
purpose built adjustable wheelchair, and the wheelchair ergometer previously 
described in Chapter 4.  In this case study, the four design factors identified in 
Chapter 3 (A: Wheel diameter, B: Camber angle, C: Seat height and D: Seat depth) 
were individually tested at different levels according to the standard Taguchi L9 
orthogonal array.  The case study looks at each athlete’s performance in the push 
phase of the propulsion cycle, with particular consideration of the variables of mean 
acceleration, push velocity, cumulative velocity, push time, and recovery time. The 
Taguchi method is used here to determine the specific contribution of each design 
factor to performance; which in turn will give answer to the second research question 
set up for this thesis. The experimental design explores incremental dimensional 
changes to design parameters of the athlete’s current chair configuration, and 
analyses all possible combination of incremental changes in order to refine the 
wheelchair design to the athlete’s requirements of performance. Ultimately, the case 
study results are used in the subsequent chapter (Chapter 6) to define a relevant 
design space for individual athlete wheelchairs. 
5.1 Considerations for experimental design and application of the 
Taguchi method 
To investigate the influence of design factors on the performance variables of 
acceleration and velocity, and to obtain a relevant set of design parameters for rugby 
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wheelchairs, a series of experiments using combinations of design factors at different 
dimensional levels is required.  The Design of experiments (DOE) also referred to in 
the literature, as factorial design, can be used as form of optimisation strategy is 
applicable in this context. DOE is commonly used as a technique for investigating all 
possible conditions in an experiment involving multiple factors and levels of 
measurement.  However, caution must be exercised to ensure that the use of this 
method results in a feasible and applicable solution for pursuing an ideal wheelchair 
design. A high level of interdependency among human anthropometry, performance, 
and wheelchair design characterizes the wheelchair–athlete system. Hence, the design 
of experiments must take into account essential ergonomic and anthropometric factors 
for each of the individuals in the tested sample.  In addition, in a standard DOE, both 
the number of experiments and the size of the data sample required to gain statistical 
significance increase with the number of factors and dimensional levels tested.  This 
represents a problem for the sports wheelchair design application, as the data within 
the sample can be highly unpredictable, as experiments involve repetitive testing of 
athlete subjects who are prone to fatigue.  
Use of the Taguchi method can overcome the issues associated with a full factorial 
design and repetitiveness of testing with athlete subjects [89].  Design optimisation 
using the Taguchi method simplifies and standardizes fractional factorial 
experimental designs by using standard orthogonal arrays [97].  Orthogonal arrays test 
pairs of key controlled combinations allowing the collection of the required data using 
a minimum amount of testing. Since Taguchi’s experimental arrays are orthogonal it 
is possible to investigate the individual contribution of each of the design factors on a 
particular quality characteristic (in this case propulsion performance), which allows 
an analysis that cannot normally be performed in other experimental designs [89, 97].  
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In addition, the Taguchi method emphasizes the importance of minimizing variation 
to improving the quality of the product.  For this purpose, Taguchi designs take into 
consideration error factors, or ‘noise’, in relation to product functionality and the 
likely influence on the performance of the final product [117].  In product design, 
noise factors are described as design elements which are expensive or difficult to 
control [89].  For wheelchair design optimisation, this noise is the ‘variability’ with 
respect to a) the athlete’s individual performance; and b) the variability across 
individual athlete's performance.   
The use of an orthogonal array with repeated tests is appropriate given the complexity 
of the noise in the product design process.  However, several studies have extended 
the Taguchi method to different design applications.  It is important to understand that 
the challenge in engineering product designs for a specific market or application is in 
finding the balance between the theoretical test design and the real practical 
application [118]. To any Taguchi design, and particularly for complex applications, it 
is essential to have a deep understanding of the problem at hand in order to identify 
the source of noise in the system.  For instance, in a multi-parameter optimisation 
study for robust product design [98], Herrmann presented an engineering approach to 
designing a product highly affected by uncontrollable noise.  The focus of Hermann's 
study was the scoping involved in the early part of the Taguchi process, such that 
Hermann sought to analyse and define the specifications of the parameters that would 
eventually control the product's output performance. Hermann's approach to defining 
a viable objective function can be applied to the present study given its similar nature, 
and analysis of noise and design parameter effects on the Taguchi orthogonal arrays.  
Herrmann’s study breaks up the Taguchi method into tangents, for example the use of 
separate arrays for noise and design factors, instead of the combined noise tests (inner 
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and outer arrays), which are ordinarily preferred.  This overcomes the problem with 
quantifying noise factors that are unknown and qualitative. This study deals with 
variation noise, which as specified by Taguchi [117], is the type of noise that is not 
due to the operating environment or to the product architecture but due to variations in 
the supplied materials and manufacturing processes. In the case of this study, 
similarly to Herrmann’s, this noise is non-quantifiable as it is related to athlete's 
physical capacity (defined by an athlete’s classification category), fatigue, and/or 
comfort.  
The study presented in this chapter is similar to Herrmann’s study in that the decisions 
made to be able to apply the methods are based on the lack of predictability of noise 
combinations and the difficulty in understanding the confounding effects of the noise 
factors. Both studies highlight some of the limitations of the Taguchi method and find 
an approach to adapt the required procedures. In this chapter, the main obstacle to 
overcome is directly related to the difficulty of quantifying noise factors such as 
athlete’s fatigue and comfort levels before testing.  The present study also makes 
reference to the work of Otto and Antonsson [91, 99, 119], as their studies highlight 
different strengths and weaknesses of the Taguchi method, which were found to be 
useful to support the assessment of design constraints which other DOE methods can 
handle (but which the Taguchi method currently cannot). 
This chapter refers to previous studies utilizing Taguchi methodology [16, 85, 91, 96, 
98, 99] and considers the use of an extension to the Taguchi method to achieve a user-
centred approach in designing wheelchairs for elite athletes.  This is achieved by 
refining the key design parameters of ergonomically custom-built wheelchairs 
through a multi-parameter systematic approach, which is statistically validated 
through the use of magnitude-based inferences [85, 86]. Magnitude allows inferences 
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by expressing the uncertainty in the true value of the statistic as confidence limits, 
defining the likely range of the true value of the effect statistic. The use of 
mechanistic and practical inferences assist in determining an athlete’s propulsion 
performance and enables analysis of the effect of gradual changes to wheelchair 
design.  The effect of gradual changes to wheelchair design is explored through 
wheelchair ergometer testing in association with a fully adjustable wheelchair frame 
[22, 112].  In this chapter, the investigation of the wheelchair design features includes 
variation of wheel diameter, camber angle, seat height, and camber bar depth 
dimensions in relation to the performance indicators of acceleration, velocity, and 
push and recovery times.  
Finally, this study introduces turning parameters to overcome the confounding 
influences of the noise parameters. Turning parameters are often set in Taguchi 
designs by the manufacturing company or the ‘product user’ once the confounding 
effects of the noise have occurred.  In the present study, the turning parameters are 
introduced for ergonomic assessment of selected wheelchair designs, and their use in 
this application is considered as a way to compensate for the lack of predetermined 
noise levels [99].  
In order to demonstrate the application of the methods proposed in the following two 
chapters (Chapter 5 and 6), a case study involving experimental data obtained from 
five elite level athletes across the three main classifications for wheelchair rugby is 
presented.  
 Chapter 5. User-centred Design Customization of Rugby Wheelchairs Based on the Taguchi 
Method| 176 
5.2 Methodology for user-centred wheelchair design customisation 
The methodology developed in this section is informed by the work of Unal, and 
Dean, Yang et al. as well as Otto and Antonsson [90, 91, 96, 99, 120].  The numbered 
procedure steps below have been created to provide the reader with a quick reference 
guide to the method proposed for identifying the a set of design parameters that alow 
refining the wheelchair propulsion performance of individual athletes. This 
methodology section will cover items 1 to 3 of the numbered steps listed below.  
Subsequently, Section 5.3 (case study) will cover items 4 to 5 of the present chapter 
(Chapter 5), in which, the use of data obtained from experiments with athletes allows 
the development and demonstration of the Taguchi method tailored to the application 
of the user-centred design customisation method proposed for the design of sports 
wheelchairs. Moreover, the case study will continue to develop through Chapter 6 to 
cover the methodology applied for defining a high performance wheelchair design 
space for the athletes participating in the study. 
5.2.1 Performance Based Wheelchair Design Customisation Procedure: 
• Establish: 
• objective function for targeted game activity; and 
• performance ranking for assessment of specific game task. 
• Determine design factors and levels. 
• Define Taguchi Orthogonal Arrays. 
• Conduct trial experiments and process data for analysis of desired variables: 
• Analyse of variance and homogeneous subsets 
• Identify high performance thresholds 
• Analyse Taguchi results: 
• Identify significant factors 
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• Identify beneficial levels 
Table 5.1 presents a summary of the outlined notations, which will be used in the 
following sections. 
Table 5.1. Table of notations  
Symbol Definition Symbol Definition 𝑎!" Mean acceleration of the push phase 𝑇 Sum of all data (Y!) of a respective performance variable: (𝑎!",  𝑣!,  𝑣! ,  𝑡!,  𝑡!) 𝑣! Push phase velocity 𝑇’ Average of all data (Y!) of a respective performance variable  (𝑎!",  𝑣!,  𝑣! ,  𝑡!,  𝑡!) 𝑣!  Cumulative push phase velocity 𝑆𝑆!  Total sum of squares of a respective performance variable (𝑎!",  𝑣!,  𝑣! ,  𝑡!,  𝑡!) 𝑡! Push time 𝑆𝑆!  Sum of squares of explained values of a performance variable 𝑡!  Recovery time 𝑆𝑆𝒊 Sum of squares of explained values (𝑆𝑆!) of the respective factor i (A, B, C, D) of a performance variable Y!  Mean response of a respective test 𝑆𝑆!  Sum of squares of unexplained values (error) of a performance variable 𝐴!  Mean response of factor A at level j (j =1, 2, 3) 𝑉𝑎𝑟!  Variance of respective factors (A, B, C, D) of a performance variable 𝐴′!  Average mean response of factor A at level j (j=1, 2, 3) 𝐹!  F-ratio of respective factors (A, B, C, D) 𝑛!! Number of data using A1 𝐿𝑂! Predicted optimized array with identifier number n 
 
5.2.1.1 Establishment of the objective performance function 
The objective function is used in the assessment of results after data collection; for the 
current sports wheelchair design optimisation application, the relevant performance 
indicators of the wheelchair-athlete system and the ‘high performance’ function needs 
to be defined. Decisions of the performance indicators chosen for this study are based 
on the results obtained from Chapter 3 and based on the elements of acceleration and 
velocity performance, which resulted in high weighted importance from the QFD 
analysis, corresponding to 100%, 97.2% and 85% importance, for high, mid and low 
point athlete categories respectively [37].  
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According to the results obtained from court and laboratory testing presented in 
Chapter 3, it is evident that significant differences in linear performance of 
acceleration and velocity are present for short distances at the individual and at the 
classification level. In order to analyse acceleration and velocity performance along a 
linear track, the 14m-sprint test has been adopted for this study.  The 14m-sprint test 
consists of a maximum sprint from a standstill position over a distance of 14m on a 
hard court (or 6-7 seconds on an ergometer).  The velocity curves obtained from this 
test describe the push phase acceleration from standstill position, the speed over 14m 
course and the related cycle times. 
As previously explained in Chapter 2 and shown in Fig. 5.1a, the two main activity 
phases involved during wheelchair propulsion are presented: (i) the propulsive (or 
push phase), and (ii) the recovery phase.  During the push phase, an athlete's hands 
are in contact with the wheels producing torque to increase or maintain wheelchair 
acceleration and velocity.  During the recovery phase, the athlete's hands are released 
from the wheels for a period of time before the next push phase starts [50].  During 
the push phase, the values of acceleration, velocity and push time are directly related 
to each other and are effectively propelling the chair forward.  During the recovery 
period, the wheelchair decelerates as a result of rolling resistance and aerodynamic 
drag [24, 46]. 
Figure 5.1b explains the relationship between the different performance parameters 
with relationship to velocity of the rolling chair for the 14m-sprint test.   
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a) b) c) 
Figure 5.1. a) Propulsion phases; b) Theoretical parameter relationships showcasing direction of improvement for the 
velocity variable; c) Comparison of velocity curves. 
As Fig. 5.1b shows, a high velocity (v) is achieved with high push phase acceleration 
(a!") and increased push time (t!).  However, push phase acceleration (a!") and push 
time (t!) cannot be varied independently as the push time is a function of the 
acceleration and the push angle (i.e. the angle over which the wheels rotate during the 
push phase).  The push angle θ results in a push distance x! of θr, where r is the 
radius of the wheel.  When treating the acceleration as a constant: v = a!"t!                            and                              x! = a!" !!!!      (5.1) 
 
Therefore: 
 
t! = !"!!!"                           and                              a!" = !"!!!!      (5.2) 
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The resulting velocity (v) corresponds to: 
 v = 2a!"x!     = !"!!!         (5.3) 
 
From Eqns. (5.2) and (5.3) above, velocity and acceleration increase only if  (t!) 
decreases and/or the push distance (x!) (and consequently the push angle) increases.  
Increasing the push time makes sense, only if the push angle is proportionally 
enlarged such that it positively affects velocity and acceleration (i.e. the performance).  
Therefore, the desired combination of these two parameters is high (a!") and low (t!) 
as the objective is to achieve maximum velocity in the least time possible (see Fig. 
5.1c).  During the recovery phase, the key to maintaining velocity is to reduce 
recovery time (t!), as it is inversely proportional to velocity in all cases.  
In the current optimisation process, (a!"), (v!), (t!), (t!), and (v!), will be used to 
assess performance of design factors and dimensional levels.  To facilitate the search 
for ideal design values, it is necessary to rank the importance of each performance 
characteristic in line with the direction of improvement of the task.  This is due to the 
likelihood that one design factor level may cause confusion in that it might influence 
one or more performance characteristics in a positive or negative way.  Consequently, 
based on the performance requirements for the 14m-sprint test, the following ranking 
and functions will apply to the analysis of average performance of design factors and 
to the selection of an ideal factor level. 
 
1) Maximize (𝒗𝒑) and (𝒗𝒄). Where (𝑣!) is the change of velocity achieved in the 
pushing phase of each cycle on the velocity curve 𝑣  (𝑡), and (𝑣!) is the 
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maximum cumulative velocity achieved for the propulsive phase (push 
velocity) of the whole 14m distance. 
2) Maximize (𝒂𝒙𝒑), where the following scenarios are possible: a) Maximize 
(𝒂𝒙𝒑): this is only the positive acceleration of each of the full propulsion 
cycles or gradient of the pushing phase of each cycle on the velocity curve 𝑣  (𝑡). b) Maximize (𝒂𝒙𝒑) and minimize (𝒕𝒑). 
3) Minimize (𝒕𝒓). 
 
On this basis, the following ranking system will apply:  
Table 5.2. Performance ranking system  
ID High Performance Combination Characteristic 
1 High (𝑣!), High (𝑣!)  
2 High (𝑎!") OR High (𝑎!")  & Low (𝑡!) 
3 Low (𝑡!) 
 
5.2.1.2 Factors and Levels 
The Taguchi method can significantly reduce computing time and maximize 
efficiency by treating design factors at discrete levels [97, 98, 121, 122].  The 
optimisation of this system uses an L9 Taguchi array. The L9 array maximizes 
experimental efficiency by balancing the number of parameters with the smallest 
number of tests.  The L9 array design requires the testing of four parameters, each 
tested at three levels.  The wheelchair dimensions referenced in Fig. 5.2 and also 
presented in Table 5.3, which will be referred to as ‘factors’ from this point onwards, 
will be investigated following part of the protocol performed in some of the authors 
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previous research [22, 38].  Evidence from the previous studies has shown that small 
dimensional changes in key wheelchair design parameters, such as seat height or 
wheel camber, can have a significant impact on acceleration and velocity values [22].  
The dimensional ranges chosen for the levels listed in Table 5.3 are based on common 
incremental changes made by elite athletes when customizing their wheelchairs.  The 
factors and levels in Table 5.3 have been included in the Taguchi design to obtain the 
design factor contribution at different levels to the specified variables of performance. 
As the main objective of this process is to optimize the wheelchair design parameters 
for a particular athlete, the first level (Level 1) to be investigated will be the athlete’s 
own customized chair settings.  Levels 2 and 3 are incremental (+/-) values from 
Level 1.  Three levels are used in order to detect whether the factors have a non-linear 
influence on the quality characteristics.   
The wheel diameter is a parameter that is directly linked to ergonomics. A tall athlete 
who generally uses 26-inch wheels is unlikely to use 24-inch wheels as this change 
will have a considerable effect on comfort and stability and would lead to 
inefficiencies in performance. Therefore, parameter A (wheel diameter) will be 
investigated as a two-level parameter for which the two levels will be distributed 
randomly throughout experimental testing.  This will balance the missing level 3 for 
factor A in the L9 experimental array explained in detail in the following section.  
Design factors with their respective conventions and levels are presented in Table 5.3 
and referenced below in Fig. 5.2. 
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Figure 5.2. Design Factors  
Table 5.3. Controllable factors and levels 
Factor Level 1 Level 2 Level 3 
A: Wheel diam (inch) 0 (+/-) 1  
B: Camber angle (deg) 0 (-) 2 (+) 2 
C: Seat height (mm) 0 (+) 30 (+) 60 
D: Seat depth (mm) 0 (-) 30 (+) 30 
 
5.2.1.3 Selection of Orthogonal Array 
The selection of the orthogonal array is based on the number of factors and levels to 
be investigated.  In this context, it is necessary to determine the number of degrees of 
freedom (DOF) associated with the overall mean, factors and levels.  The number of 
DOF for the rugby wheelchair design considered in this research is determined using 
Eqn. 5.4 and consist of adding one the DOF associated with the overall mean to the 
DOF associated with each control factor respectively (i.e., the number of levels minus 
one).  DOF = 1+ Factor! Levels! − e       (5.4)   DOF = 1+ (3 3− 1 + (1 2− 1 ) = 8 
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Of the 18 standard orthogonal arrays that Taguchi has prescribed [95], the smallest 
three-level orthogonal array that complies with the minimum requirement of 8 
experiments is the L9 array. This array has nine tests and can investigate up to four 
factors. With the selection of the L9 orthogonal array the number of tests required to 
investigate four factors, each at three levels, has been reduced to 9 instead of 81 or 
(3)4.  Table 5.4 shows the selected Taguchi L9 orthogonal array for the experiments 
involving four control factors at three levels each.  In addition, a qualitative 
assessment of comfort is to be included to monitor ergonomic fit.  In a regular 
Taguchi type design, an outer array of noise factors is included and tested in parallel 
with the control parameters.  However, this is difficult to apply in this case as the 
major source of variability is linked to tests with athlete subjects.  To monitor and 
include variability in this case (as human error, fatigue, and comfort may impact test 
results), a different approach is applied in this study by (a) recording levels of noise in 
terms of ergonomic comfort, and (b) by collecting a suitable data sample of 
repetitions of the task performed by each athlete.  
Table 5.4 shows Taguchi’s L9 array of four control factors at three levels each 
L9 Array Tests L1 L2 L3 L4 L5 L6 L7 L8 L9 
Factors 
A 1 1 1 2 2 2 2(3) 1(3) 1(3) 
B 1 2 3 1 2 3 1 2 3 
C 1 2 3 2 3 1 3 1 2 
D 1 2 3 3 1 2 2 3 1 
Qualitative Assessment (comfort) 1,2,3 3=best          
 
The first row in Table 5.4 indicates the experiment identification number (L1-L9).  
The subsequent rows indicate the level at which factors A, B, C and D should be 
tested.  As mentioned earlier, as factor A is a 2 level parameter (as opposed to a level 
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3 parameter) a random distribution of parameters 1 and 2 has been used. The subscript 
in italics represents the level that would normally be allocated in the standard L9 
array. 
5.2.1.4 Experimental Sample Size 
Before any data collection can be undertaken, it is necessary to determine an 
appropriate sample size to ensure there is sufficient data to attain statistical 
significance.  The Taguchi method utilizes the analysis of variance (ANOVA) to 
systematically analyse variance across factor levels, and noise parameters considered 
in the study.  An appropriate sample size can be determined by referring to the F-
distribution table [82]. The F-distribution table represents critical values of the F-
ratio, which are a measure of the ratio of variation explained by the model and the 
variation explained by unsystematic factors (error).  From this table, the DOF for the 
numerator (columns) is the DOF of each factor, while the denominator represents the 
DOF of the error (rows).  The DOF associated with the lower-level factor dictates the 
DOF of interest for the numerator column on the F-distribution table as it corresponds 
to a higher F-value. If the critical F-value for the 2-level factor is selected then a 
significant effect will be guaranteed for the three-level factors.  The DOF of interest 
in this case is 1 (1 DOF associated to two-level factor –Eqn. (5.4)).  By looking at 
column 1 with p<0.05, it can be seen that the variation of F values seems to stabilize 
around the value of 9.55.  In other words, the variations of F-value will be stable 
when the DOF of error used is greater than or equal to 7. Therefore, an initial DOF of 
error equal to 7 has been assumed to determine the total DOF of this experiment.  The 
total DOF for this experiment and the total sample size are calculated using Eqn. (5.5) 
and Eqn. (5.6) respectively as follows: 
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 DOF!"#$% = DOF!""#" + DOF!"#$%&!      (5.5) DOF!"#$% = 7+ 3 3− 1 + 1 2− 1 = 14 Sample!"#$% ≥ DOF!"#$% + 1        (5.6) Sample!"#$% ≥ 14+ 1 ≥ 15 
 
From Eqn. (5.5) by using DOF of error equal to 7, the total DOF of the experiment 
will be 14.  From Eqn. (5.6) the total sample size to be used in the entire experiment 
must be greater than 15.  Since there are only 9 experiments in the orthogonal array, it 
is necessary to use repeat tests in each ‘L’ experiment.  Since the sample data required 
is 15, two repeat tests for each ‘L’ experiment (i.e. 18 total samples collected) will be 
sufficient to comply with the required data sample.  However in order to compensate 
for noise factors related to repetitive testing with athlete subjects, where human error, 
fatigue and comfort may influence results, performance data obtained from the 
ergometer tests for all five athletes has been used. The data consists of five repeat 
tests of the 14m-sprint test for each of the 9 experiments specified in the array. Hence, 
a total sample size of N=45 (45 pushing cycles per array treatment) is used for data 
analysis.  
By substituting the available sample size of 45 in Eqn. (5.6) the total DOF is 44. 
Then, substituting the resultant total DOF in Eqn. (5.5) the DOF of error is obtained 
as: DOF of error = 44 – (3(3-1) + 1(2-1)) = 37.  From the F-Value table, for a DOF of 
error that equals 37 at p<0.05, the respective F-value for the most critical factor (A) 
(DOF =1) is between 4.0012(N=60) and 4.0847(N=40). Thus, an F-value greater than 
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4.00 will be considered significant to assess the factor effects on performance for all 
athletes. 
5.3 Case Study 
5.3.1 Tests Subjects and Instruments 
A group of five athletes, four from the Australian wheelchair rugby Paralympics team 
and one from the Wheelchair Rugby National league, volunteered to participate in this 
study.  The group of athletes comprised males aged between 24 and 34 years. All five 
athletes had significant experience in competing in wheelchair rugby at an elite level, 
and between them they had represented the three main classification categories in this 
sport (i.e. low, mid and high point players) [11]. Similar to previous studies, the 
participants were clustered in three groups: LP, MP and HP, to reflect the 
performance differences across athletes’ classification. Table 5.5 provides details of 
each participant and their respective wheelchair design characteristics.  
Table 5.5. Study participants and wheelchair characteristics 
Group ID Class Age (Yr) Mass (Kg) Elite experience 
Chair mass 
(Kg) 
Wheelchair Base Design 
Factor Configuration 
WƟ  CA SH SD 
LP (Low Pointer) 
LP1 0.5 33 76 7 yr (NL) 17.77 24 20 260 100 
LP2 1.5 34 72 3 yr (AUS) 17.25 24 18 280 130 
MP (Mid Pointer) MP1 2.0 24 85 6 yr (AUS) 18.32 25 17 270 150 
HP (High Pointer) 
HP1 3.0 25 70 4 yr (AUS) 18.52 24 17 260 160 
HP2 3.5 30 117 15 yr (AUS) 16.71 26 14 310 140 
 
This study used the purpose built wheelchair adjustable frame previously described in 
section 4.2 in Chapter 4. The measurements of the elite game wheelchairs owned and 
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developed by the athletes (right of Table 5.5) were used to adjust the wheelchair 
frame to level 1 for each athlete initially as done previously in Section 4.2.1.2. This 
process ensured the athletes' individual anthropometric measurements and preferred 
ergonomics had been considered.  Finally, the validation of the frame’s ergonomic fit 
was performed in the same fashion as the previous study in Section 4.2, by 
verification of length measurements of thumb, shoulder, and knee to the ground and 
the wheelchair main wheel hubs.  In this way, it was possible to achieve the same 
seating propulsion position of the athlete’s chair on the wheelchair test frame. 
Initially, the adjusted measurements to ensure the anthropometric fit of each athlete 
on the wheelchair frame included: seat and back angles, footplate height, wheel 
distance at top dead centre (clearance between the main wheels, seat and back), wheel 
diameters, cushion thickness, and straps tension. For the purpose of experimental 
manipulation, the frame was adjusted to the measurements displayed in Fig. 5.3 
according to the dimensions and sequence of the orthogonal array specified in Table 
5.3 (Section 5.2.2) and Table 5.4 (Section 5.2.3) respectively. These measurements are 
related to the design factors of seat height, camber angle, and horizontal position of 
seat in relation to the wheel hub.  
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Figure 5.3. Schematic of measurements adjusted on the wheelchair frame for experimental manipulation 
according to Tables 5.3 and 5.4. 
The wheelchair frame-athlete system was placed on the Wheelchair Locomotion 
Analysis - VP100 HEF techmachine, (by Handisport, Andrézieux Bouthéon, France) 
2004 and secured in place with tensioned straps (front and back). Special care was 
taken in assuring the tension of the straps was appropriate to ensure each wheel was in 
contact with both rollers, and the weight was equally distributed. This was validated 
through the Tr reading of the Handisoft© software, which is the measurement of 
rolling resistance due to the weight of the wheelchair-athlete system resting on right 
and left rollers. Figures. 5.4 a) and b) show the elements described on experimental 
set up. 
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a) 
 
 
Ergometer 
Adjustable frame 
Front straps 
Back straps 
Left wheel contact with both rollers 
Ergometer 
adjustment for 
straps height 
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b)  
Figure 5.4. Images of experimental set-up and identification of components. a) left; b )front. 
The instrumentation calibration of the ergometer and adjustable wheelchair frame was 
carried out as described in the preliminary study presented in Chapter 4 in Section 4.2.  
The experimental tests were carried out during a single day session in the sports 
engineering laboratory at RMIT University and ethics approval was obtained before 
any tests were undertaken. 
Front straps  
Wheel in contact 
and perpendicular 
to rollers  
Ergometer 
adjustment of 
camber 
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5.3.2 Data Collection  
As specified in Section 5.2.1.4, each athlete performed five repetitive tests in each of 
the nine experiments according to the standard L9 array in order to account for 
statistical significance and noise factors such as fatigue or human error (see Section 
5.2.1.3). The experiment task corresponds to a 14m-sprint test which athletes are 
familiar with from their training experience.  1-2 minute rests were allocated between 
repetitive tests for each experiment.  The athletes were fully informed of the research 
procedures and potential risks, and written consent was obtained from all participants.  
Ethics approval was obtained from the RMIT University Human Research Ethics 
Committee before the experimental study being undertaken.  
In line with the objective function specified in Section 5.2.1.1, the collected data was 
processed to obtain the results for the performance indicators to be investigated for 
improvement.  Values of (t!), (t!), and (v!) were obtained from the velocity curve 
directly.  The value of mean acceleration was obtained from a!" = v!/t!. Cumulative 
velocity (v!), was calculated using v! = v!"/v!, where v!" is the initial velocity for 
each of the nine pushes for each repeated experiment.  In addition, a qualitative 
assessment of comfort on a scale of low, medium, and high will be taken into account 
to assist in determining design combinations that best suit the requirements of the 
athletes.  
With Taguchi designs, there are usually a number of steps to follow before the final 
ideal design outcome can be reached.  This case study will develop the Taguchi 
analysis and methodology tailored to the application of wheelchair design 
optimisation by using the data collected from the athletes.  Analysis and results 
relevant to Taguchi methodology are displayed in the case study section and overall 
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findings of this research (i.e. selected wheelchair designs and related system 
performance for each athlete) is presented and discussed in the main results section in 
Chapters 6 and 7. 
In order to abbreviate the presentation of data in this section, this section only 
displays detailed results for athlete LP1 and the related equations where the results 
were obtained.  Additionally, large tables display only the results for acceleration 
performance.  Taguchi results for each athlete can be found in Appendix C. 
 
5.3.3 Taguchi Method extended to User-centred Design Customisation of 
Sports Wheelchairs 
As mentioned earlier, the collected data was processed to obtain the Taguchi results 
for the performance indicators of interest.  Table 5.6 presents the mean response 
results for five repeat tests of the L1 to L9 experiments for athlete LP1. 
The analysis that is required of the results provided in Table 5.6 include: 
 
• Significant design factors and their contribution on variability of the 
established performance parameters. A significant effect p<0.05 will be 
assessed against the critical F-value of 4.00 as established in the previous 
section. This part of the analysis can be achieved through the use of analysis 
of variance (ANOVA).  
• Trend of influence of significant design factors and interactions with the 
different performance parameters. 
• Best design factor combination for the wheelchairs of the athletes tested.  
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Table 5.6. Mean response results for five replicates of the 9 tests for athlete LP1. All performance parameters 
presented: (𝑎!"), (𝑣!), (𝑡!), (𝑡!), and (𝑣!)  
LP1 
Exp. # L1.1 L1.2 L1.3 L1.4 L1.5 L2.1 L2.2 L2.3 L2.4 L2.5 L3.1 L3.2 L3.3 L3.4 L3.5 
Y!  
𝑎!" m/s2 1.14 1.16 1.25 1.25 1.26 1.14 1.18 1.16 1.21 1.19 1.34 1.35 1.22 1.33 1.30 𝑣! m/s 0.25 0.23 0.26 0.25 0.25 0.22 0.23 0.23 0.22 0.23 0.25 0.25 0.22 0.25 0.25 𝑡! s 0.22 0.20 0.20 0.19 0.19 0.19 0.19 0.19 0.18 0.19 0.18 0.18 0.18 0.18 0.19 𝑡!  s 0.37 0.37 0.34 0.35 0.35 0.33 0.34 0.35 0.34 0.35 0.33 0.35 0.35 0.35 0.34 𝑣!  m/s 3.48 3.62 3.59 3.68 3.40 2.48 3.29 3.38 3.15 3.58 2.76 2.97 2.58 3.69 3.63 
Exp. # L4.1 L4.2 L4.3 L4.4 L4.5 L5.1 L5.2 L5.3 L5.4 L5.5 L6.1 L6.2 L6.3 L6.4 L6.5 
Y!  
𝑎!" m/s2 1.12 1.13 1.41 1.41 1.41 1.47 1.54 1.67 1.77 1.73 1.45 1.62 1.71 1.71 1.74 𝑣! m/s 0.23 0.23 0.25 0.23 0.24 0.25 0.23 0.24 0.23 0.24 0.25 0.24 0.25 0.26 0.26 𝑡! s 0.20 0.19 0.18 0.16 0.16 0.17 0.15 0.15 0.18 0.14 0.17 0.15 0.15 0.15 0.15 𝑡!  s 0.36 0.36 0.36 0.36 0.37 0.35 0.36 0.35 0.33 0.33 0.34 0.36 0.36 0.35 0.35 𝑣!  m/s 3.00 3.29 3.16 3.42 3.32 3.32 2.94 3.00 3.06 3.23 3.32 2.52 3.16 2.98 2.75 
Exp. # L7.1 L7.2 L7.3 L7.4 L7.5 L8.1 L8.2 L8.3 L8.4 L8.5 L9.1 L9.2 L9.3 L9.4 L9.5 
Y!  
𝑎!" m/s2 1.36 1.39 1.36 1.35 1.40 1.17 1.14 1.25 1.29 1.19 1.24 1.31 1.29 1.29 1.24 𝑣! m/s 0.23 0.23 0.22 0.22 0.22 0.22 0.24 0.25 0.24 0.24 0.25 0.26 0.25 0.25 0.25 𝑡! s 0.16 0.16 0.16 0.16 0.16 0.18 0.21 0.20 0.19 0.20 0.20 0.19 0.19 0.19 0.20 𝑡!  s 0.37 0.37 0.37 0.37 0.37 0.33 0.34 0.35 0.36 0.35 0.33 0.34 0.34 0.36 0.35 𝑣!  m/s 2.66 3.03 3.12 3.50 3.51 3.26 2.51 3.17 3.54 2.88 3.84 3.64 2.88 3.56 2.71 
 
5.3.4 Analysis of Variance for Determination of Significant Factors 
To analyse the influence of a factor at any given level, the average and mean 
responses of the relevant factor level are required.  The average mean response of a 
factor level is the sum of the respective test mean responses (Yi) divided by the 
number of mean responses where the factor level condition was tested.  For instance, 
by reviewing the orthogonal array in Table 5.4, it is evident that tests L1, L2 and L3 
include factor (A1) in the experiment.  Hence, for factor (A1), the a!" mean response 
(A1) and average mean response (A1’) are given by expressions presented in Eqn. 
(5.7) and Eqn. (5.8) respectively: 
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𝐀𝟏 =    𝐘𝐀𝟏   = 1.14  + 1.16  + 1.25+. . .+1.14  +. . .+1.34  +. . .+1.17+. . .+1.24   =  30.88          (5.7) 𝐀𝟏! = 𝐀𝟏𝐧𝐀𝟏   =    𝟑𝟎.𝟖𝟖𝟐𝟓 = 1.24       (5.8) 
 
The mean and average mean responses of all factors, levels and performance 
characteristics for athlete LP1 are given in Table 5.7.  The results of average mean 
responses shown in Table 5.7 will be used in Section 5.3.6 to plot the influence of the 
significant factor levels on the specified performance variables. 
Table 5.7. Mean and average mean response of all factors levels and performance characteristic for athlete LP1 
  A1 A2 B1 B2 B3 C1 C1 C1 D1 D2 D3 
 30.88 29.76 19.40 20.11 21.13 20.34 18.71 21.59 20.62 20.96 19.06 
 6.00 4.74 3.53 3.49 3.72 3.66 3.56 3.52 3.68 3.49 3.57 
 4.80 3.25 2.71 2.69 2.65 2.73 2.82 2.51 2.76 2.51 2.78 
 8.66 7.14 5.44 5.18 5.19 5.28 5.23 5.29 5.21 5.32 5.27 
 81.29 62.29 49.79 46.80 46.99 47.88 48.72 46.98 49.96 46.44 47.17 
             
 1.24 1.49 1.29 1.34 1.41 1.36 1.25 1.44 1.37 1.40 1.27 
 0.24 0.24 0.24 0.23 0.25 0.24 0.24 0.23 0.25 0.23 0.24 
 0.19 0.16 0.18 0.18 0.18 0.18 0.19 0.17 0.18 0.17 0.19 
 0.35 0.36 0.36 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35 
 3.25 3.11 3.32 3.12 3.13 3.19 3.25 3.13 3.33 3.10 3.14 
 
Significant factors can be determined by using the analysis of variance method.  For 
this purpose, it is necessary to obtain the sum of squares and the variance for each 
factor and each error of the model. The total sum of squares of the variable being 
analysed is required to determine the sum of squares of each factor.  The total sum of 
squares represents the total amount of variation within the data sample by calculating 
the difference between each observed data point and the grand data mean.   Eqns. (5.9) 
and (5.10) provide the relevant functions to obtain the total sum of squares (SST).  
axp
vp
tp
tr
vc
A1 ' A2 ' B1 ' B2 ' B3 ' C1 ' C2 ' C3 ' D1 ' D2 ' D3 '
axp
vp
tp
tr
vc
 Chapter 5. User-centred Design Customization of Rugby Wheelchairs Based on the Taguchi 
Method| 196 
 
         (5.9) 
         (5.10) 
 
Where,   is the mean response of the respective test (L1.1, L2.2……L9.5) for the 
performance parameter studied ( , , , , ),  is the summation of squared 
response data  ,  is the sum of all mean responses and is the sample size or 
total number of data for the performance parameter respectively.  Hence, Eqn. (5.9) 
and Eqn. (5.10) are used to demonstrate (SST) for the parameter of for athlete 
LP1: 
 
  
                  
   
 
Similarly, to calculate the sum of squares for each factor (A, B, C, D); the mean 
response of each factor level is used as follows: 
 
   (5.11) 
          
           
           
T = Yi∑
SST = ξ −
T 2
N
Yi
axp vp tp tr vc ξ
Yi T N
axp
Taxp = Yi∑ = 60.64
SSTaxp = ξ −
T 2
N = (1.14
2 +1.162 +...+1.292 +1.292 +1.242 )− 60.64
2
45 =1.52
SSAaxp =
A12
nA1
+
A22
nA2
−
T 2
N =
30.882
25 +
29.762
20 −
60.642
45 = 0.71
SSBaxp = 0.10
SSCaxp = 0.28
SSDaxp = 0.14
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Finally, the following expression is used to calculate the sum of squares of the error:  
 
        (5.12) 
 
Where,  refers to sum of squares of each factor (A, B, C, D). Hence,  for the 
 parameter characteristic is: 
 
    
 
With sum of squares results available, the calculation of the variance and F-value to 
determine significance of factors is possible and given by Eqn. (5.13) and Eqn. (5.14). 
 
         (5.13) 
         (5.14) 
 
where  and  are the sum of squares and degrees of freedom of the respective 
factor (A, B, C, D). Therefore, as previously explained in Section 5.2.1.4, the DOF 
corresponding to the total data sample, error and each factor is: 
DOF for T: 45-1 = 44 
DOF for A: 2-1= 1 
DOF for B: 3-1= 2 
SSe = SST − SSi∑
SSi SSe
axp
SSeaxp = SSTaxp − SSi =∑ 1.524− 0.710− 0.101− 0.278− 0.137 = 0.298
Vari =
SSi
DOFi
Fi =
Vari
Vare
SSi DOFi
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DOF for C: 3-1= 2 
DOF for D: 3-1= 2 
DOF for e: 44-1-2-2-2 = 37 
 
Complete results of sum of squares, variance, and F-values for all design factors and 
performance characteristics for athlete LP1 are presented in Table 5.8. 
Table 5.8. Results of Sum of Squares, Variances, and F-values for all design factors and performance parameters 
for athlete LP1. Highlighted cells correspond to significant factors (F>4.00). 
 SST SSA SSB SSC SSD SSe VarA VarB VarC VarD Vare FA FB FC FD 
 1.524 0.710 0.101 0.278 0.137 0.298 0.355 0.050 0.139 0.069 0.008 44.029 6.248 17.215 8.515 
 0.007 0.000 0.002 0.001 0.001 0.003 0.000 0.001 0.000 0.001 0.000 1.680 14.827 5.190 8.281 
 0.016 0.010 0.000 0.003 0.003 0.000 0.010 0.000 0.002 0.002 0.000 4296.645 21.362 744.084 703.440 
 0.007 0.001 0.003 0.000 0.000 0.003 0.001 0.001 0.000 0.000 0.000 18.787 20.475 0.818 3.051 
 5.713 0.209 0.375 0.100 0.459 4.570 0.209 0.187 0.050 0.230 0.124 1.693 1.516 0.406 1.859 
 
The F-value is a measure of the ratio of a model and its error. Hence, if the F-value is 
less than 1 then it must, by definition, represent a non-significant effect because the 
denominator term (which is the error) will be greater than the systematic variances 
arising from experimental manipulation.  As explained in Section 5.2.1.4, from the 
F-value table at p<0.05, an F-value value above 4.00 (highlighted in Table 5.8) is 
considered significant to assess factor effects due to the DOF of this experiment. 
5.3.5 Limitation of the Taguchi method for the for the application of 
wheelchair design 
Notably, minimising the number of experiments through the Taguchi method 
sometimes results in confounding effects between the design parameters due to the 
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aliasing structure of the orthogonal arrays. An example of a confounding effect could 
be for instance between camber angle and wheel diameter, as the large camber angle 
reduces effective wheel diameter. Another example could be an effect due to wheel 
misalignment (‘toe in’/‘toe out’) [32], which can  affect wheel geometry, camber 
angle and seat height simultaneously. A limitation of the Taguchi method for the 
wheelchair design application is that the Taguchi analysis assumes design factors 
independently of each other. In a saturated array, a control factor is substituted for the 
interaction of two or more by-products, which is the base of the standard orthogonal 
arrays. These by-products are used in experiments in which additional factors are 
unlikely to interact with any of the other factors. As a result, the number of 
experiments can be reduced, but this is only feasible if the design factors do not 
correlate. It is important to take note of this aspect because any small correlation 
between factors will not allow the statistical independence of the orthogonal arrays, 
meaning the effect of each factor will not be able to be separated from the others.   
Analysis of the mathematical procedure within the Taguchi method suggests: 
 
a) all mean values of the factor levels (mean of A1, mean of A2…etc) are located on 
the regression equation (Eqn. 5.10) provided in the Taguchi literature [97]. 
Additionally, a 2 level parameter is automatically treated linearly and a 3 level 
parameter parabolically. 
 
b) From Eqn. (5.12), SSe = SST - (SSA + SSB + SSC + SSD), and analysing the 
closeness of fit, the coefficient of determination R2 = SSi / SST, where R2 = (SSA + 
SSB + SSC + SSD) / SST = (SSA / SST) + (SSB / SST) + (SSC / SST) + (SSD  / SST), 
(i.e. R2= the sum of the individual r2). This is only feasible if the predictors do not 
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correlate. Any small correlation between predictors does not allow summing up r2. 
For example, for the hypothetical case of a value R2 = 1.01129; that is 101% of the 
push time is explained from the combined effect of design parameters A, B, C, D 
(provided that they don't inter-correlate); when calculating a parabolic fit for 
parameters B, C, D, and from there, the coefficient of determination r2, then the 
sum of all r2 (linear regression for parameter A due to 2 levels only) results in 
exactly the same R2 = 1.01129 as well as a value SSe of -0.000006. In this specific 
set, SSe is negative, therefore R2 > 1; this was checked in Excel and Matlab, both 
providing the same results at a precision of 15 decimal places. Hence, the use of 
the regression equation (Eqn. 5.10) provided in the Taguchi literature, can result 
in a coefficient of determination R2  > 1 suggesting a negative SSe (which is 
impossible). This result further implies a negative variance and a negative F-value 
as Fi = Vari / Vare and Vare= SSe / DOFe. From theory, neither SSe nor the F 
statistic value can be negative as they represent a sum of squared values and a 
ratio of two Chi-square random variables respectively. Before experimental 
testing with the current instrumentation, it is not possible to know whether a small 
correlation between factors is likely to occur and result in a confounding effect. 
However, if the experimental procedures, in particular for wheel alignment, 
symmetry in wheel distance at TDC, and weight distribution on all four rollers; 
are followed carefully; any cross-correlation of factors if found, is likely to be 
negligible. If inter-correlation is found, the individual and combined contributions 
can be calculated from a Venn diagram analysis, provided that the actual 
correlations across the 4 factors are measured and known. A negative SSE value is 
not bad; on the contrary, it is proof that uncorrelated factors cannot be assumed in 
the 1st place.  
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c) The side effect of the identified problem is a further result, namely the goodness 
of fit, r2, which can provide information about how strong the correlation is; e.g. 
push time correlates with factor A strongly, but acceleration does not. To ensure 
the effect of each design factor is identified; each individual r2 should be treated 
separately and the significance calculated. As the data sample n=45, a max p value 
of 0.05 for significant results comes from an r value of 0.295 (i.e. from an r2 of 
0.087). This tells us whether the correlation is due to chance (if p>0.05), but not 
how good the correlation is. The latter would be 8.7% for a max p value of 0.05. 
This shows that the concern is not about chance or not as the data sample is 
appropriate (i.e. 5 tests per 9 parameter combination experiments). Therefore, the 
sample size and number of experiments, i.e. 9, is decisive. For 9 experiments, the 
minimum r is 0.666 for achieving p < 0.05, which is an r2 of 0.444, or 44.4% of 
the performance variable under investigation (i.e. push time) is explained from i.e 
changing the seat height. This has to be set into perspective to the Hopkins scale 
which will be further explained in the next section; in summary, a large 
correlation (between 25% and 49% is considered large, corresponding to r of 0.5 
and 0.7); in this case due to the data sample is 44.4 - 49% in terms of significant 
r2). Therefore, the expected correlation is either minimally large (i.e. large or 
better), or non-significant.  
 
d) The solution above does, however, not explain whether there is any performance 
improvement when changing a parameter between levels. A Student’s T-test can 
provide information e.g. whether there is a difference between level 1 and level 2, 
etc.; or simply the use of ANOVA and post-hoc Tukey test. This analysis has been 
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included via the F-value. However, decision making through p-value based 
significance can be further improved by using mechanistic inferences, which 
further define a benchmark (e.g. mean of the null position). This method can 
calculate how likely it is that another measurement level improves the 
performance (it can be insignificant via p-value, but still likely via mechanistic 
inference). This will be explained in detail in the following section. 
The procedure outlined above reduces the use of Taguchi for the application of 
wheelchair design to the array experimental design and expands on the goodness of fit 
and coefficient of determination r2, and further, on probability-based and mechanistic 
inferences; thereby, re-interpreting Taguchi Analysis, and taking it a step ahead of 
current textbook procedures. 
5.3.6 Extension of the Taguchi method analysis for the application of 
wheelchair design using magnitude based inferences  
Building on the analysis performed in Section 5.3.4, and as part of the extension to the 
Taguchi analysis, the validation of the significant factor results can be done through 
an analysis of the closeness of fit as explained in Section 5.3.5. For this purpose, the 
coefficients of determination and correlation for each factor were calculated using the 
following equations: 
 r!! = !!!!!!         (5.15) R! = r!!
 
         (5.16) 
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Where r2 is such that 0 ≤ r2 ≤ 1, and R2 (0 ≤ R2 ≤ 1) is the sum of the coefficient of 
determination r2. The square root of r2 is the coefficient of correlation r.  The 
correlation coefficient for each factor should be treated separately and their individual 
significance calculated.  
From theory, for a true correlation (p =0) between X and Y, where the size of the 
sample on which an observed value of r is based is N ≥ 6, then the resultant quantity 
from Eqn. (5.17) is distributed approximately as t with df= N-2 [83].  Accordingly, 
the application of Eqn. (5.17) to any particular observed sample value of r will test the 
null hypothesis that the observed value comes from a population in which p = 0 [83]. 
 t = !!!!!!!!          (5.17) Sig = r− 0.294         (5.18) 
 
From Eqn. (5.17), for the sample of N=45, a max p value of 0.05 for significant 
results comes from a correlation coefficient r of 0.295 (i.e. from an r2 of 0.087).  
Hence, the coefficient of correlation r is significant (p >0.05) if the result from Eqn. 
(5.18) is positive. Table 5.9 presents the significance of each design factor for each 
performance parameter obtained through analysis of correlation and determination 
coefficients. 
It is evident that most of the significant factors identified with the F-value in Table 5.8 
can be confirmed through the results of the correlation coefficient analysis in Table 
5.9.   
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Table 5.9. Coefficient of determination, coefficient of correlation, and factor correlation significance for all 
performance parameters for athlete LP1. Highlighted cells correspond to significant factors. 
 r2A r2B r2C r2D R2 rA rB rC rD Sig A Sig B Sig C Sig D 
 0.466 0.066 0.182 0.090 0.804 0.683 0.257 0.427 0.300 0.389 -0.037 0.133 0.006 
 0.018 0.311 0.109 0.174 0.612 0.133 0.558 0.330 0.417 -0.161 0.264 0.036 0.123 
 0.591 0.006 0.205 0.193 0.995 0.769 0.077 0.452 0.440 0.475 -0.217 0.158 0.146 
 0.180 0.392 0.016 0.058 0.646 0.424 0.626 0.125 0.242 0.130 0.332 -0.169 -0.052 
 0.037 0.066 0.018 0.080 0.200 0.191 0.256 0.132 0.284 -0.103 -0.038 -0.162 -0.010 
 
The F-value and the correlation coefficient r should coincide with respect to their 
significance (i.e. result should be significant in both analysis).  If, contrary to the F-
value significance, a factor did not appear to be significant from the correlation 
analysis then the apparent contribution of the factor is due to chance as the coefficient 
of correlation will produce a more accurate inference in those circumstances.  
The higher obtained values of F and r represent the greatest effect on the respective 
performance characteristic. To set the coefficient of correlation (r) into perspective, 
Hopkins' scale of the effect size [84] can be used.  The Hopkins scale ranks the effect 
of the coefficient of correlation (r) from trivial through to infinite on a 6 level scale. 
Table 5.10 displays the Hopkins scale ranking for the design factor effects identified 
through the following steps: 
1. Exclude factors with non-significant F-ratio 
2. Exclude factors with non-significant correlation (r) 
3. Rank the remaining factors based on magnitude of r (moderate, large, very 
large, near perfect) 
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Table 5.10. Ranking of the design factor effects on performance based on the Hopkins scale [84] 
 
The factors in Table 5.9 correlate with at least a moderate effect on the Hopkins scale 
shown in Table 5.10 for all performance variables except for cumulative velocity for 
athlete LP1.  The next step is to plot the average mean response of the significant 
factor levels’ against performance variables and identify the leading factors for 
optimisation. 
5.3.7 Average Performance of Significant Factors, Response Graphs & 
Magnitude Based Inference for Level Selection 
In Section 5.3.4 the average mean response of each factor level was calculated from 
Eqn. (5.8) and results were presented in Table 5.7.  The average mean response of a 
factor level is the influence of the factor at that certain level on the mean response of 
the experiments.  Using the significant factors summarized in Table 5.10, the levels of 
significant factors can now be plotted for a performance response graph of the quality 
characteristic. This in turn will enable a preliminary identification of the levels 
correlating with higher performance and will allow the determination of an ideal 
design space that caters for the ergonomic and performance requirements of athletes.  
Figures 5.5 a), b), c), and d), illustrate the performance of each factor level with 
respect to the relevant quality characteristics for athlete LP1.  
Correlation Coefficient (r) Descriptor      
0.0-0.1 trivial, very small, insubstantial, tiny, practically zero      
0.1-0.3 small, low, minor      
0.3-0.5 moderate, medium C, D C, D C, D A  
0.5-0.7 large, high, major A B  B  
0.7-0.9 very large, very high, huge   A   
0.9-1 nearly, practically, or almost: perfect, distinct, infinite      
axp vp tp tr vc
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In addition, according to the objective function discussed in Section 5.2.1, high 
performance in the 14m-sprint test is attained following the ranking system previously 
specified in Table 5.2.  Consequently, performance leading factor levels are noted 
with a dotted circle on Fig. 5.5a) to d) and summarized in Table 11.5.  
  
a) b) 
  
c) d) 
Figure 5.5: a) Influence of significant factor on push phase acceleration  (m/s2); b) Influence of significant 
factors on push phase velocity  (m/s); c) Influence of significant factors on push time  (s); d) Influence of 
significant factors on recovery time (s) 
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Table 5.11. Preliminary assessment of leading factor levels for performance enhancement of the 14m-sprint test. 
The data displayed is for athlete LP1. 
 
High 
  
High 
  
Low 
  
Low 
  
High 
 
(A) Wheel diameter 2 NS 2 1 NS 
(B) Camber angle  NS 3 NS 2,3? NS 
(C) Seat height 3 1 3 NS NS 
(D) Seat depth  1,2? 1 2 NS NS 
 
From figures 5.4a to 5.4d and the information in Table 5.11, it can be seen that a 
leading level exists for each factor.  However, there is no information confirming that 
the leading level observed represents significantly higher performance than any other 
level.  As the aim is to select a level based on the effect on an athlete’s performance, it 
is necessary to investigate the magnitude of the effect statistic rather than relying on 
decisions based only on the p-value. Testing the null hypothesis (effect between 
levels) does not provide direction or size of the effect statistic.  In addition, for this 
application, it is essential to validate the choice of selecting a particular level for 
optimisation as this decision dictates the ergonomic range allowance for the 
wheelchair design. 
The work of Batterham and Hopkins [85, 86] can be applied to help identify the 
leading performance levels based on a three-level scale of magnitude: substantially 
positive, trivial and substantially negative, defined by the smallest-significant positive 
and negative values of the effect statistic [85].  The three-level scale of magnitude 
allows inferences by expressing the uncertainty in the true value of the statistic as 
confidence limits, defining the likely range of the true value of the effect statistic. 
The difference between means and t-distributed effect statistics analysis included in 
the ‘Spreadsheet for Deriving a Confidence Interval, Mechanistic Inference and 
axp vp tp tr vc
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Clinical Inference from a P-value’ developed by Will G Hopkins [86] was used to 
make mechanistic and practical inferences about the true values of the effect of factor 
levels on performance variables.  For the present study, the uncertainty in the effect is 
expressed as 90% confidence limits.  In addition, the likelihood that the true value of 
the effect denotes a significant change is evaluated according to the following 
qualitative terms and probabilities: most unlikely, <0.5%; very unlikely, 0.5-5%; 
unlikely, 5-25%; possibly, 25-75%; likely, 75- 95%; very likely, 95-99.5%; and most 
likely, >99.5%.  For the mechanistic inference, the effect is deemed unclear if there is 
>5% chance that the true value is substantially positive (or higher, for rate ratios), and 
>5% chance it is negative (lower).  For the practical inference, the effect is considered 
unclear if there is >25% chance that the true value is beneficial, with odds of benefit 
relative to odds of harm (odds ratio) <66 [86]. In essence, an unclear effect is 
characterized if the confidence interval overlapped the three scales of magnitude (i.e 
the effect is substantial in a positive and negative sense).  In this instance, the unclear 
inference is an additional outcome for further data collection.  Otherwise, the effect is 
clear and inferred to have the magnitude of the observed value and qualified with a 
probabilistic term, possibly trivial, very likely positive or negative, etc. [86]. 
Table 5.12 presents the comparison between levels for the factors identified as 
significant for the performance parameter of push-phase acceleration for athlete LP1.  
The data required to obtain the magnitude-based inference outcome in Table 5.13 
consists of the p-value of the compared levels, the mean value of the difference 
between level values, and the threshold value for clinical benefit or mechanistic 
substantiveness (smallest substantial change in performance). These values are 
outlined in Table 5.12 in black bold type font. The use of standard deviation permitted 
to convert the difference between level values into standardized (Hopkins) changes in 
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the mean [84].  The determination of the threshold value for an extremely large effect 
assumed the value of 5.0 for the smallest standardized change [84].   
Table 5.12. Effect comparison of the significant factor levels A: Wheel diameter (1,2), C: Seat height (1,2,3) and 
D:Seat depth (1,2,3) for performance parameter of push phase acceleration 𝑎!"- (m/s2) 
A 
COMPARISON  
C 
COMPARISON  
D 
COMPARISON 
(1) vs 2 (2) vs 1  (1) vs 2 (2) vs 3 (3) vs 1  (1) vs 2 (2) vs 3 (3) vs 1 
p 0.000 0.000  p 0.101 0.001 0.260  p 0.765 0.046 0.097 
mean (level) 1.235 1.488  mean (level) 1.356 1.247 1.439  mean (level) 1.374 1.398 1.271 
mean d -0.262 0.262  mean d 0.109 -0.192 0.083  mean d -0.023 0.127 -0.104 
stdev d 0.184 0.184  stdev d 0.193 0.121 0.104  stdev d 0.074 0.217 0.200 
stdev d / 5 0.037 0.037  stdev d / 5 0.039 0.024 0.021  stdev d / 5 0.015 0.043 0.040 
 
It is essential to note that the threshold for benefit is a positive ("+ive") value for the 
performance parameters of acceleration and velocity, and a negative ("–ive") value for 
the performance parameters of push and recovery time. These values need to be 
entered in the spreadsheet accordingly, to serve the purpose of performance 
assessment of the objective function for this application. 
Table 5.13, presents the practical and mechanistic inferences from p-values, for all 
level comparisons of the significant factors related to the performance parameter of 
push phase acceleration for athlete LP1.  The levels selected for optimisation of the 
acceleration performance correspond to the practical inferences of benefit and positive 
values of the mechanistic inference.  Note that the unclear inferences for the 
comparison of levels 1 and 2 of factor D (Seat depth) demonstrate no clear trend for 
level selection.  Further investigations of comparisons between levels 1 and 2 against 
level 3 indicate that selection of level 3 will result in a likely harmful effect (as the 
value of the effect statistic is significantly negative).   
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Table 5.13. Magnitude-based inferences factor levels A:Wheel diameter (1,2), C:Seat height (1,2,3) and D:Seat 
depth (1,2,3) for the performance parameter of push-phase acceleration for athlete LP1.  
Level 
comparisons 
  
Beneficial or 
substantially 
+ive 
Negligible or 
trivial 
Harmful or  
substantially 
-ive 
Practical & Mechanical inferences 
Selected 
levels 
Wheel 
diameter: 
A1, A2 
1vs2 
0.00 % 0.00 % 100.00 % most likely harmful, most unlikely beneficial; don't 
use. Mechanistic inference: most likely -ive. Wheel 
diameter: 
A2 
most unlikely most unlikely most likely 
2vs1 
100.00 % 0.00 % 0.00 % most likely beneficial, most unlikely harmful; USE. 
Mechanistic inference: most likely +ive. most likely most unlikely most unlikely 
Seat 
height: 
C1, C2, 
C3 
1vs2 
85.73 % 12.86 % 1.41 % likely beneficial, very unlikely harmful; USE. 
Mechanistic inference: likely +ive. 
Seat height: 
C3 
likely   unlikely   very unlikely 
2vs1 
1.41 % 12.86 % 85.73 % likely harmful, very unlikely beneficial; don't use.    
Mechanistic inference: likely -ive. very unlikely unlikely   likely   
2vs3 
0.01 % 0.12 % 99.87 % most likely harmful, most unlikely beneficial; don't 
use. Mechanistic inference: most likely -ive. most unlikely most unlikely most likely 
3vs2 
99.87 % 0.12 % 0.01 % most likely beneficial, most unlikely harmful; USE.    
Mechanistic inference: most likely +ive. most likely most unlikely most unlikely 
1vs3 
8.05 % 11.75 % 80.20 % likely harmful, unlikely beneficial; don't use.    
Mechanistic inference: unclear; get more data. unlikely unlikely likely   
3vs1 
80.20 % 11.75 % 8.05 % Unclear; don't use; get more data.    
Mechanistic inference: unclear; get more data. likely   unlikely   unlikely   
Seat 
depth: D1, 
D2, D3 
1vs2 
31.24 % 14.43 % 54.33 % Unclear; don't use; get more data.    
Mechanistic inference: unclear; get more data. 
Seat depth: 
D1,D2 
possibly   unlikely   possibly   
2vs1 
54.33 % 14.43 % 31.24 % Unclear; don't use; get more data.    
Mechanistic inference: unclear; get more data. possibly   unlikely   possibly   
2vs3 
90.86 % 8.71 % 0.42 % likely beneficial, most unlikely harmful; USE.    
Mechanistic inference: likely +ive. likely   unlikely   most unlikely 
3vs2 
0.42 % 8.71 % 90.86 % likely harmful, most unlikely beneficial; don't use.    
Mechanistic inference: likely -ive. most unlikely unlikely   likely   
1vs3 
84.90 % 13.93 % 1.16 % likely beneficial, very unlikely harmful; USE.    
Mechanistic inference: likely +ive. likely   unlikely   very unlikely 
3vs1 
1.16 % 13.93 % 84.90 % likely harmful, very unlikely beneficial; don't use.    
Mechanistic inference: likely -ive. very unlikely unlikely   likely   
 
The unclear comparison between levels 1 and 2 suggests that there are no significant 
differences between these two levels, though both are significantly positive as stated 
by the inferences against level 3. Thus, the optimisation process for athlete LP1 will 
include both levels providing a higher range or ergonomic fit.  
axp
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Finally, as per Table 5.13, the following factors and levels are relevant for 
consideration in the design optimisation process for athlete LP1 as per magnitude-
based inferences considering all performance parameters:  
• Wheel diameter: A(1,2)  
• Camber angle: B (2,3) 
• Seat height: C (1,3) 
• Seat depth D (1,2)  
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Chapter Summary 
This chapter revealed an original application and extension of the Taguchi method 
for user-centred design customisation of rugby wheelchairs. Specifically, this chapter 
highlighted the strategies involved in multi-parameter testing, analysing the combined 
effect of the design iterations on performance, and finally, identifying the magnitude 
of the contribution of each design parameter on the performance variables of interest;  
which was the second research question set up for this thesis. Through the 
methodology used in the last two chapters, this stage of investigation has determined  
For the athletes participating of the study, that changes in wheel diameter (Factor A) 
had a moderate to large effect on the acceleration performance ( ) of athletes when 
performing the 14m-sprint test, with coefficients of correlation (r) ranging between 
0.301 and 0.683.  Wheel diameter also showed moderate effects in athletes' recovery 
time ( ), with (r) ranging between 0.378 and 0.460 for 4 athletes out of 5.  Camber 
angle (Factor B) showed a moderate to high effect on athletes' recovery time ( ), with 
an (r) range of 0.344 < r <0.646 for all 5 athletes.  Furthermore, changes in seat 
height (Factor C) had a moderate to high effect on athletes' acceleration ( ) and 
velocity ( ), with this effect observed in 4 out of 5 athletes.  Ranges of (r) were 0.336 
< r <0.530 for ( ), and 0.330 < r <0.411 for ( ).  Moderate effects in performance 
due to changes in seat depth (Factor D) were clearly visible only at the athlete level 
for one of the performance parameters investigated for each athlete.  The effect of 
seat depth on performance was not consistent for any performance parameter across 
the group tested.   
It is important for the applicability of the method proposed that the study subjects 
have a level of familiarity and experience with the sport in question.  The success of 
the application of the Taguchi method is based on obtaining statistical significance 
and repeatability, which is directly related with athletic level and experience of the 
subjects. 
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Chapter 6. Identification of the Preferred Wheelchair Design 
Space 
Chapter Introduction  
This chapter presents the process involved in generating and filtering a high 
performance design space for the individual wheelchair-athlete system. This chapter 
reports on the performance results for individual athletes’ as well as on classification 
groups for the group of athletes tested. The data presented in this chapter is drawn as 
a continuation of the case study presented in the previous chapter, which includes 
performance data from five elite wheelchair rugby athletes (4 Paralympians and 1 
National league player), for a 14m-sprint test using a purpose built adjustable 
wheelchair on a wheelchair ergometer. Four design factors (A: Wheel diameter, B: 
Camber angle, C: Seat height and D: Camber bar depth) were each tested at different 
levels according to the standard L9 orthogonal array. Performance variables of mean 
acceleration ( ), push velocity ( ), cumulative velocity ( ) and time ( ) of the 
push phase (active phase of the propulsion cycle) and recovery time ( ) are analysed 
and results reported. In this chapter, the high performance wheelchair combinations 
are selected in accordance with a performance ranking and magnitude-based 
inferences on the true value of the effect statistic. Finally, the athlete assesses the 
proposed high performance wheelchair configurations in accordance to preferred 
ergonomics. Thus, when adopting the approach presented in the last two chapters (5 
and 6), it becomes possible to customize an athlete's wheelchair design to meet the 
athlete's anthropometric needs as well as their performance requirements. 
 
6.1 Prediction of performance and filtering procedures 
6.1.1 Predicted Performance Average 
In Section 5.3.4 of Chapter 5, T and N for the performance parameter  were used 
to calculate SST of  for athlete LP1 (see Eqn. (5.9)). The average of all data T’ is 
the sum of all mean responses (T) divided by the sample size (N) of the performance 
parameter of interest and is given by:  
axp vp vc tp
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        (6.1) 
 
The predicted performance average for a specific combination of factors and levels 
can be obtained by using the average of all data (T’) and each significant factor 
average performance using the expressions below: 
     (6.2) 
Hence, the average of all data and the predicted performance average for  for a 
random combination of the previously selected factor levels A2, B3, C3, D1 is 1.67 as 
shown below: 
 
          
 
  
 
Identified factors and levels in the previous section include four factors at two levels 
each (24).  Considering all possible combinations, the above results in an array of 16 
possible wheelchair configurations (24 = 16) that in some degree are linked to high 
performance. The left hand side of Table 6.1 shows all predicted performance 
averages of the entire 16 high performance wheelchair design combinations (LO16) 
for all performance parameters investigated ( , , ,  and ).  On the right hand 
side of Table 6.1 the predicted performance average is shown sorted, according to the 
T ' = TN =
Yi∑
N
Pave = T '+ (A '−T ')+ (B '−T ')+ (C '−T ')+ (D '−T ')
axp
T 'axp =
Taxp
Naxp
=
60.64
45 =1.35
Pave−axp = T '+ (A '2−T ')+ (B '3−T ')+ (C '3−T ')+ (D '1−T ')
Pave−axp =1.35+ (1.49−1.35)+ (1.41−1.35)+ (1.44−1.35)+ (1.37−1.35) =1.67
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best performance at the top of the table (i.e. higher , ,  and lower  and  in 
first row). As shown in Table 6.1, there is a design space of 16 combinations of 
wheelchair design parameters that can have a moderate to very large effect in 
performance. The main task here is to identify which values represent significantly 
higher performance compared to others, in order to narrow down the selection of the 
possible high performance wheelchair design combinations.  The baseline for 
significantly higher results can be determined by comparing sorted predicted 
performance results (right in Table 6.1) to the Tukey’s test results that were obtained 
from the experiments specified in the L9 array.  The ANOVA analysis of the results 
obtained from the L9 experimental array for athlete LP1 are reported as follows:   
 = F (8, 44) = 21.10, p<0.05, ω = 0.89 
   = F (8, 44) = 6.59, p<0.05, ω = 0.77 
   = F (8, 44) = 17.28, p<0.05, ω = 0.89 
    = F (8, 44) = 4.98, p<0.05, ω = 0.76 
   = F (8, 44) = 1.19, p>0.05, ω = 0.18 
From these results, significantly large effects of 0.89, 0.77, 0.89 and 0.76 are found 
for the performance parameters of higher , , and  respectively. A minor 
effect of 0.18 was found for .  Following the ANOVA analysis, the mean values of 
each performance parameter are compared through post hoc testing.  Table 6.2 
contains the results of the Tukey’s test for the parameter of , where mean values 
for groups in homogeneous subsets are displayed for the athlete LP1.  
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Table 6.1. LO16 High performance design combinations and predicted performance for athlete LP1. (The right 
hand side of the table shows data sorted according to high performance at the top). 
Optimized 
Array 
FACTOR (Levels) Predicted Performance Average  Predicted Performance Average (Sorted) 
A 
(1,2) 
B 
(2,3) 
C 
(1,3) 
D 
(1,2) 
           
(m/s2) (m/s) (s) (s) (m/s)  (m/s2) (m/s) (s) (s) (m/s) 
LO1 2 2 1 1 1.516 0.243 1.691 0.261 0.137  1.691 0.261 0.137 0.337 3.335 
LO2 2 2 1 2 1.539 0.230 0.154 0.356 2.950  1.668 0.258 0.139 0.338 3.322 
LO3 2 2 3 1 1.600 0.233 0.157 0.349 3.125  1.623 0.252 0.152 0.338 3.275 
LO4 2 2 3 2 1.623 0.221 0.139 0.357 2.891  1.608 0.249 0.154 0.339 3.262 
LO5 2 3 1 1 1.584 0.258 0.169 0.349 3.198  1.600 0.248 0.154 0.345 3.198 
LO6 2 3 1 2 1.608 0.246 0.152 0.356 2.963  1.584 0.246 0.157 0.345 3.185 
LO7 2 3 3 1 1.668 0.248 0.154 0.350 3.138  1.539 0.246 0.166 0.346 3.138 
LO8 2 3 3 2 1.691 0.236 0.137 0.357 2.904  1.516 0.243 0.169 0.346 3.125 
LO9 1 2 1 1 1.264 0.246 0.201 0.337 3.322  1.438 0.239 0.169 0.348 3.100 
LO10 1 2 1 2 1.287 0.234 0.183 0.345 3.088  1.415 0.236 0.171 0.349 3.088 
LO11 1 2 3 1 1.347 0.236 0.186 0.338 3.262  1.370 0.236 0.181 0.349 3.041 
LO12 1 2 3 2 1.370 0.224 0.169 0.346 3.028  1.355 0.234 0.183 0.350 3.028 
LO13 1 3 1 1 1.332 0.261 0.198 0.338 3.335  1.347 0.233 0.184 0.356 2.963 
LO14 1 3 1 2 1.355 0.249 0.181 0.345 3.100  1.332 0.230 0.186 0.356 2.950 
LO15 1 3 3 1 1.415 0.252 0.184 0.339 3.275  1.287 0.224 0.198 0.357 2.904 
LO16 1 3 3 2 1.438 0.239 0.166 0.346 3.041  1.264 0.221 0.201 0.357 2.891 
Table 6.2. Homogeneous subsets of the L9 array for  mean values 
Tukey’s HSD at p<0.05 for (m/s2) 
Experimental run N 
Subset for alpha = 0.05 
S1 S2 S3 
L2 5 1.176   
L8 5 1.208 1.208  
L1 5 1.212 1.212  
L9 5 1.274 1.274  
L4 5 1.296 1.296  
L3 5 1.308 1.308  
L7 5  1.372  
L5 5   1.636 
L6 5   1.646 
Sig. 0.301 0.096 1 
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For athlete LP1, it is clear that all mean values of push phase acceleration above 1.636 
m/s2 are in the higher performance cluster (Subset 3) and are significantly different 
(p<0.05) from the mean values in subsets 1 and 2. 
The subset values of the L9 array are used as a reference for assessment of LO16 
array in Table 6.1.  The two highest subsets (e.g. S2 and S3 in Table 6.2) were 
combined to account for a wider range of values and 3rd and 4th quartile values for 
the parameters of , , and  were considered.  Accordingly, for the parameters 
and , the lowest and second-lowest subsets were combined and values on the 1st 
and 2nd quartile were considered.  Thus, the threshold values for indicating 
significantly high performance for each performance parameter have been identified 
for athlete LP1 as follows:  > 1.438,  > 0.249,  < 0.16, and  < 0.346.  High 
performance values according to the above mentioned thresholds are noted in Table 
6.1 and Table 6.3 in bold type font.  As  is a highly ranked performance parameter, 
values greater than 3.22 m/s were considered to demonstrate a high  performance.  
These values are noted in underlined-italic type font in Tables 14 and 16.  However, 
importantly, as no significant effects were found in relation to the cumulative velocity 
 this parameter did not play a major role in the selection process of the high 
performance design combinations . 
Consequently, to narrow down the design space presented in Table 6.1 and limit the 
selection to high performance design combinations only, the arrays that displayed two 
or more significantly high values across the parameters of , , , and were 
selected for further assessment against the objective function ranking.  Table 6.3 
presents the final selection of high performance designs (second version of Table 6.1), 
including only high performance design combinations for the athlete LP1, as well as 
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the performance advantage for the 14m-Sprint test according to each design 
combination. 
Finally, at this point in the selection process, the design space has been reduced from 
sixteen to eleven possible high performance-based wheelchair designs for athlete LP1. 
These wheelchair designs can now be presented to the coach and athlete for validation 
of selected designs and ergonomic assessment.  High values of  and  rank as 
primary for selection of wheelchair configuration when assessing the design 
combination performance on the 14m-sprint (see Section 5.2.1.1 of Chapter 5). In 
general, this ranking applies to all three classifications of athletes for the 14m-sprint 
test.  However an athlete who is a low pointer would possibly be more interested in 
selecting a design that provides high acceleration and low push times in contrast to a 
high velocity combination.  This is consistent with the court activity of a low point 
player, which reflects constant acceleration from a standstill position when blocking 
opponents.  Generally, the distances travelled by a low pointer in a game setting are 
also much shorter than a high point player.  For this judgment, a coach can provide 
input on the performance requirements of each athlete with respect to game play as 
part of team strategy. 
 
 
 
 
 
 
 
 
vp vc
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Table 6.3. Optimised design space for athlete LP1 
Predicted 
Preferred 
Array 
FACTOR (Levels) Predicted Performance Average  14m-Sprint Performance Advantage for each design combination: 
A 
(1,2) 
B 
(2,3) 
C 
(1,3) 
D 
(1,2) 
     
 
1
 
2
 
3
 
(m/s2) (m/s) (s) (s) (m/s) 
 high  
high 
 
high or 
high & 
low  
low 
 
LO2 2 2 1 2 1.539 0.230 0.154 0.356 2.950 2  *  
LO3 (T) 2 2 3 1 1.600 0.233 0.157 0.349 3.125 2  *  
LO4 2 2 3 2 1.623 0.221 0.139 0.357 2.891 2  *  
LO5 2 3 1 1 1.584 0.258 0.169 0.349 3.198 1,2 * *  
LO6 (T) 2 3 1 2 1.608 0.246 0.152 0.356 2.963 2  *  
LO7 2 3 3 1 1.668 0.248 0.154 0.350 3.138 2  *  
LO8 2 3 3 2 1.691 0.236 0.137 0.357 2.904 2  *  
LO13 1 3 1 1 1.332 0.261 0.198 0.338 3.335 1,3 *  * 
LO14 1 3 1 2 1.355 0.249 0.181 0.345 3.100 1,3 *  * 
LO15 1 3 3 1 1.415 0.252 0.184 0.339 3.275 1,2,3 * * * 
LO16 1 3 3 2 1.438 0.239 0.166 0.346 3.041 2,3  * * 
(T) Indication for tested design combination array through L9 experimental tests. 
6.1.2 Confirmation of experiment and further selection to suit athlete’ 
ergonomics assessment 
The predicted process average is only a statistical prediction of the actual experiment 
and uses only significant factors. As such, a confirmation experiment is advised to 
ensure the accuracy of predicted results. In addition, as the experiments are based on 
reproducibility of subject tryouts, a deviation in results can be expected [17].  
However, as the subjects in this case are highly trained and experienced athletes, such 
deviation in the results is expected to be small. 
Before conducting a validation experiment, as done in previous studies [90, 91, 96, 
99, 120], there ought to be a review of the L9 experimental array that was previously 
performed for existing data pertaining to at least one of the selected design 
combinations (see Table 6.3).  Due to the orthogonal condition of the array, a 
validation experiment could be already available for comparison.  The mean results 
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from the laboratory test conditions (L9 array) are presented in Table 6.4.  Consistent 
with Table 6.3, significantly higher performance values are identified in bold font and 
high (non significant) values of  are identified in underlined-italic type font.  
Table 6.4. L9 array results for performance indicators and comfort assessment performed by athlete LP1 
Design Factor 
A B C D 
A B C D 
Comfort Assessment 
3=Best 
Results of Experimental Tests 
Performance 
Ranking: Experiment # WD CA SH SD      
L1 1 1 1 1 24 20 260 100 3 1.213 0.246 0.200 0.355 3.557  
L2 1 2 2 2 24 18 290 70 2 1.174 0.224 0.188 0.343 3.179  
L3 1 3 3 3 24 22 320 130 2 1.307 0.242 0.183 0.343 3.125  
L4 2 1 2 3 25 20 290 130 2 1.295 0.236 0.180 0.362 3.238  
L5 2 2 3 1 25 18 320 100 3 1.638 0.237 0.147 0.345 3.109 2, 3 
L6 2 3 1 2 25 22 260 70 2 1.646 0.250 0.152 0.352 2.947 1,2 
L7 2 1 3 2 25 20 320 70 1 1.372 0.224 0.162 0.370 3.163  
L8 1 2 1 3 24 18 260 130 3 1.209 0.236 0.194 0.348 3.072  
L9 1 3 2 1 24 22 290 100 3 1.272 0.252 0.196 0.342 3.326 1,3 
 
As evident from the laboratory test results, observation of conditions L5, L6 and L9 
indicate high values of performance and correlate with suitable ergonomic 
assessment.  Experimental conditions L5 and L6 correspond respectively to the high 
performance design combinations design of LO3 and LO6 in Table 6.3. Evidence 
from the homogeneous subsets of the Tukey’s test, and further application of the 
performance ranking demonstrate that experimental combinations L5 and L6 correlate 
to the high performance delineated for the high performance design space.  In the case 
of this athlete, the average deviations between predicted performance and the tested 
results were of ±0.027, ±0.004, ±0.004, ±0.003, ±0.023 for the indicators , , , 
and  respectively. 
For the current study, the predicted performance of the selected wheelchair design 
configurations correlate with performance results arising from laboratory testing.  
vc
axp vp tp tr vc
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Thus, an additional validation experiment is not necessary in this case.  Further, 
deviations between tests and predicted performance are negligible.  However, if 
validation data were to be unavailable, further collection of experimental data for at 
least one of the selected designs would be advised to corroborate the performance 
results.  
6.2 Case study Results  
As described in Section 5.3.1 of Chapter 5, the study group included five male 
athletes classified in the three main sport categories.  The group included two low 
pointers (LP), two high pointers (HP) and one mid pointer (MP).  Table 6.5 shows the 
key results for each athlete including factor levels that were found significant, the 
total number of ideal design combinations, and the performance ranges related to the 
best wheelchair design for each of the participating athletes.  
Table 6.5. High performance factor levels, high performance design space and respective performance ranges for 
each of the participating subjects.  
SUB Elite experience 
Preferred factors & levels Number of Combinations in 
PREFERRED 
DESIGN 
SPACE 
PERFORMANCE RANGE POSSIBLE FOR 14m SPRINT TEST WITH 
PREFERRED WHEELCHAIR DESIGNS 
A B C D      
LP1 7yr (NL) 1,2 2,3 1,3 1,2 11 1.438-1.691 0.249-0.261 0.134-0.160 0.337-0.346 3.220-3.522 
LP2 3yr (AUS) 1,2 1,2,3 2,3 2 12 1.477-1.597 0.333-0.347 0.190-0.212 0.371-0.428 4.202-4.436 
MP1 6yr (AUS) 1 1 3 1 1 2.781-3.194 0.372-0.373 0.099-0.128 0.231-0.323 5.002-5.097 
HP1 4yr (AUS) 2 1,2 1,2,3 1 6 3.120-3.647 0.386-0.461 0.126-0.128 0.307-0.326 4.885-5.654 
HP2 15yr (AUS) 2 1,2 2 2 2 3.179-3.341 0.387-0.397 0.116-0.088 0.299-0.257 4.176-4.429 
 
Table 6.6 presents the dimensions selected for each of the athlete’s wheelchairs and 
the tendencies for the values obtained (i.e. tendency for higher camber angle, etc.). 
Black bold type font indicates dimensions linked to significantly high performance 
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values in the athlete’s LO arrays. If desired, full Taguchi results for each athlete can 
be obtained by contacting the corresponding author of this article. 
Table 6.6. Dimensions used for optimisation of wheelchair design. Wø = wheel diameter, CA = camber angle, SH 
= seat height, SD = seat depth.  
Group ID 
Current wheelchair configuration (Level 1) Dimensions used for high performance Design Space / Tendency of values (H=Higher, N=Neutral, L=Lower) 
A1:Wø 
(inch) 
B1:CA 
(deg) 
C1:SH 
(mm) 
D1:SD 
(mm) 
A:Wø 
(inch) 
T 
B:CA 
(deg) 
T 
C:SH 
(mm) 
T 
D:SD 
(mm) 
T 
LP  
(Low Point) 
LP1 24 20 260 100 24,25 H 18,22 H 260,320  N-H  70,100  N-L  
LP2 24 18 280 130 24,25 H 16,18, 20 L 310,340 H  100 L  
MP (Mid Point) MP1 25 17 270 150 25 N 17 N 330 H  150 N  
HP  
(High Point) 
HP1 24 17 260 160 25 H 15,17 N-L 260,290,320 - 160 N  
HP2 26 14 300 140 25 L 14,12 N-L 340 H  170 H  
 
Figure 6.1a to Figure 5e represent the high performance wheelchair design 
combinations for each of the athletes and for the dimensions presented in Table 6.6.  
  
Figure 6.1a. High Performance Design Space for Subject LP1. 
Factor A: Wheel Diameter (inch), Factor B: Camber Angle (deg), 
Factor C: Seat Height (mm), Factor D: Seat Depth (mm). 
Figure 6.1b High Performance Design Space for Subject LP2. 
Factor A: Wheel Diameter (inch), Factor B: Camber Angle (deg), 
Factor C: Seat Height (mm), Factor D: Seat Depth (mm).  
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Figure 6.1c. High Performance Design Space for Subject MP1. 
Factor A: Wheel Diameter (inch), Factor B: Camber Angle (deg), 
Factor C: Seat Height (mm), Factor D: Seat Depth (mm). 
Figure 6.1d. High Performance Design Space for Subject HP1. 
Factor A: Wheel Diameter (inch), Factor B: Camber Angle (deg), 
Factor C: Seat Height (mm), Factor D: Seat Depth (mm). 
 
Figure 6.1e. High Performance Design Space for Subject HP2. Factor A: Wheel Diameter (inch), Factor B: Camber Angle (deg), 
Factor C: Seat Height (mm), Factor D: Seat Depth (mm). 
The high performance arrays for all athletes are provided in Appendix C. 
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6.3 Discussion  
Results from this research showed that changes in wheel diameter (Factor A) had a 
moderate to large effect on the acceleration performance ( ) of athletes when 
performing the 14m-sprint test, with coefficients of correlation (r) ranging between 
0.301 and 0.683.  Wheel diameter also showed moderate effects in athletes' recovery 
time ( ), with (r) ranging between 0.378 and 0.460 for 4 athletes out of 5.  Camber 
angle (Factor B) showed a moderate to high effect on athletes' recovery time ( ), with 
an (r) range of 0.344 < r <0.646 for all 5 athletes.  Furthermore, changes in seat height 
(Factor C) had a moderate to high effect on athletes' acceleration ( ) and velocity (
), with this effect observed in 4 out of 5 athletes.  Ranges of (r) were 0.336 < r 
<0.530 for ( ), and 0.330 < r <0.411 for ( ).  Moderate effects in performance due 
to changes in seat depth (Factor D) were clearly visible only at the athlete level for 
one of the performance indicators investigated for each athlete.  The effect of seat 
depth on performance was not consistent for any performance indicator across the 
group of subjects tested.   
In this study, high values of  and  rank as primary for selection of wheelchair 
configuration according to the 14m-sprint test (see Section 2.1). In general, this ranking 
applies to all athletes as the 14m-sprint test is performed across all classification 
categories.  However an athlete who is a low pointer would possibly be more 
interested in selecting a design that provides high acceleration and low push times in 
contrast to a high velocity combination.  This is consistent with the court activity of a 
low point player, which reflects constant acceleration from a standstill position when 
blocking opponents. Generally, the distances travelled by a low pointer in a game 
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setting are also much shorter than a high point player.  For this judgment, a coach can 
provide input on the performance requirements of each athlete with respect to game 
play as part of team strategy. 
As a general observation, the tendency for lower camber angles for mid and high 
pointer athletes as means for improving velocity performance is commonly practiced 
by athletes and reported in the literature [38].  A more posterior seat position has been 
associated with higher wheelchair manoeuvrability performance and is often a 
favoured option for athletes due to the increased push angle and reach of the wheel.  
Interestingly, a tendency for a higher seat position is observed across the group of 
athletes tested, which can be attributed to the fact that a lower push time and higher 
acceleration was selected as a performance indicator for the assessment.  The trend for 
higher seat height observed from the results is contrary to reports in the literature [23]. 
As such, lower seat heights are associated in previous studies with increases in push 
angle, push times as well as reductions in push frequency [23, 64, 75], suggesting a 
lower seating position is best for effective propulsion and mobility performance.  
However, these findings are related to sub-maximal propulsion studies and hence 
differ from the task analysed in this study of maximal effort propulsion of the 14m-
sprint test.  In this context, a higher propulsion force may be required to maintain 
wheelchair velocity due to the possible high frequency associated with increased seat 
height [51] [23, 64, 75].  However often the majority of wheelchair rugby athletes 
prefer a lower seat height due to the increased stability obtained from a lower centre 
of mass.  
It is typical for some of the design factors values to be preferred by some 
classification groups.  Generally, low pointer athletes have a preference towards 
smaller rim or wheel size as well as higher camber as low pointer activity on the court 
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is closely related to acceleration performance and stability to block goal scoring 
opponents.  As such, smaller diameter wheels may promote greater initial acceleration 
and offer more suitability for athletes with a higher degree of impairment.  The impact 
of smaller diameter wheels on the performance of athletes with a higher degree of 
impairment likely arises from the physical power needed to move a wheelchair from a 
standstill position [38]. With this in mind, the assessment of the athlete for ergonomic 
feedback and selection from a range of high performance options is reinforced. 
The ranking for the assessment of design combination performance on the 
investigated task (14m-sprint test) prioritized the indicator of velocity, with high 
values of  and  ranked as primary for selection of wheelchair configuration.  The 
14m-sprint test is a routine training drill for the athletes tested, and it was initially 
selected for this study based on athletes’ requirements for improving linear sprint 
performance (acceleration and velocity).  However, in a game setting, it is likely that 
court displacement for low pointer athletes is less than 14m, in which case the 
relationship between acceleration and time becomes more relevant than cumulative 
velocity.  In addition, the influence of design variation on the indicator of cumulative 
velocity ( ) was inconsistent across the group of athletes with only 2 out of 5 
athletes showing significant effects on velocity performance.  This can be attributed in 
part to the 14m (sprint test) perhaps being an insufficient distance from which to draw 
significant conclusions about velocity values.  
 
It is evident that the experience of the athletes not only in the athletic aspect to ensure 
statistic validity, but also in regards to wheelchair design configurations to suit their 
own ergonomic needs is essential for the success of the wheelchair selection process.  
As demonstrated in the case study, the athletes’ assessment of ergonomic fit is taken 
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into account as a turning parameter for the high performance design combinations 
predicted.  In turn, the selection of an appropriate design combination suiting the 
athlete’s performance and comfort needs is possible.  The available number of high 
performance wheelchair design options will vary across different athletes.  However, 
the results of this study suggest that the participating athletes were able to make a 
selection choice from a range of design combinations according to their personal 
ergonomic and performance preferences. 
 
The concept of introducing assessment of ergonomic parameters to narrow down the 
design space and compensate for noise factors can relate to the concept of turning 
parameters in engineering design introduced by Otto and Antonsson [99, 123].  
Turning parameters are different to design and noise parameters.  In the context of 
engineering design, turning parameters are those that are introduced to overcome the 
confounding influences of the noise parameters.  They are often set after the 
confounding effects of the noise have occurred and usually by the manufacturing 
company or the actual ‘product user’ [99].  
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Chapter Summary 
This chapter presented an original application and extension of the Taguchi method 
for user-centred design customization of rugby wheelchairs. The application of the 
method in this article focuses specifically on identifying the best possible wheelchair 
design configuration for the optimization of acceleration and velocity of a game task 
frequently performed by wheelchair rugby athletes of all classifications. A statistically 
validated and comprehensive performance assessment procedure was presented to 
identify a wheelchair design space that involved assessment of critical values in 
wheelchair configuration, as well as kinematics of the wheelchair-athlete system; with 
the aim that the method would assist specialist in the field of wheelchair propulsion, 
athletes, and coaches in selecting a wheelchair design that maximizes the 
performance output of elite athletes in relevant wheelchair sports. Important concepts 
of the biomechanics in wheelchair propulsion that were not addressed in this thesis 
were examinations of athlete’s energy consumption or joint kinematics during 
wheelchair propulsion. Is highly recommended that this method be used in 
conjunction with specialist knowledge of biomechanics of wheelchair propulsion and 
the effect of setting specific performance targets on the athlete’s prolonged physical 
capacity as the predefined function for obtaining high performance output, could be 
associated with strenuous physical activity and risk of injury for prolonged time 
periods or at maximum exertion of physical activity. The user-centred approach in 
this method enables the knowledge of testing and analysis to be transferrable across 
different wheelchair sports disciplines or other game tasks as long as the objective 
performance function is clearly established taking into account all of the relevant 
areas of athletic performance for the specific sport application. 
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Chapter 7. Systems Design Methodology for User-Centred 
Design Customisation of Sports Wheelchairs.  
Chapter Introduction 
The purpose of this chapter is to describe and generalise the process involved in 
formulating a systems engineering approach to design customisation of sports 
wheelchairs that respond to individual athletes requirements relating to ergonomics 
and performance. This chapter aims to provide an progressive answer to the final 
question set up for this thesis, which is: How can we systematically relate wheelchair 
design and athlete performance qualities to determine a set of design values for the 
design of an individual high performance ‘wheelchair-athlete’ system?. This chapter 
will aim to answer this question by systematically formulating all potential 
considerations in the design of wheelchair sports equipment and the user-centred 
validation of a high performance product outcome.  
 
The concept of systems engineering has been defined in the NASA Systems 
Engineering Handbook -1995, as “a robust approach to the design, creation, and 
operation of systems. In simple terms, the approach consists of identification and 
quantification of system goals, creation of alternative system design concepts, 
performance of design trades, selection and implementation of the best design, 
verification that the design is properly built and integrated, and post-implementation 
assessment of how well the system meets (or met) the goals." [124]. The process of 
obtaining design specifications for critical components of a sports wheelchair, such as 
the frame, and managing essential considerations for a particular individual, where 
user’s requirements of comfort and performance are carefully considered, is a 
complex design problem. This is due to the constant overlap between technical 
evaluations, and the user-centred feedback required in the design process. Further, the 
complexity involved in extracting and evaluating the contribution of design attributes 
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to the performance of the wheelchair-athlete system is also one of the reasons, current 
design procedures for sports wheelchairs are only limited to translating the 
anthropometrics of the athlete to wheelchair key dimensions. In view of this, the 
research presented throughout this thesis can be described from a systems engineering 
approach; where the design attributes of the wheelchair; the performance measuring 
and filtering methods; the risk management during data collection; and the user 
feedback are identified as an integrated, interrelated sequence of steps with the aim of 
constructing a performance based wheelchair design customisation procedure, which 
allows better comprehension and management of the design process. This 
methodology can provide a reliable and systematic design practice to produce 
wheelchairs that maximise the users’ requirements in terms of ergonomics and 
athletic performance.  
7.1 The System and Structure 
The approach to sports wheelchair design customisation is defined in this chapter as a 
system comprised by a set of methodological components that interact together 
forming an integrated design procedure. This system is detailed in such way that any 
procedures described may be applied across the wide spectrum of court-based 
wheelchair sports such as rugby, basketball or tennis. When an example might 
appropriate for clarity, a reference to the studied concepts of wheelchair rugby may be 
provided. The following sections will details the system components. 
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7.1.1 Inputs of the system 
The primary inputs of this system are information, energy and matter. The 
information input is related to: 
• User needs in terms of anthropometrics, ergonomics, and performance 
objectives; as well as user feedback during design process 
• Sport specific requirements of performance – i.e. activity type: sprinter, 
blocker etc. 
• Sport-specific or role-specific wheelchair design constraints – i.e. use of pick 
bars for offensive players in rugby increase chair’s mass and tipping moment 
if seating right on the balance point. 
• Base dimensions of user’s current wheelchair - i.e. output from a prior design 
effort especially if the wheelchair had been custom made or design improved 
through athlete’s experience. 
• Unknown confounding effects between design factors affecting experimental 
results – i.e may exist when the selected design factors for investigation 
interrelate, and the measurements of the interaction is unknown – i.e. changes 
in camber angle affecting wheel geometry or effective wheel diameter. 
• Noise due to variability related to the human-machine system (i.e. fatigue, 
comfort, safety) or related to vehicle mechanics (i.e. rolling resistance, wheel 
alignment, etc.) 
Inputs related to matter include testing environment and instruments; as well as the 
athlete’s sport equipment such as gloves, straps, etc. The primary energy input is the 
manual work involved by the athlete in wheelchair propulsion, and the researcher 
performing the experiments. Electrical energy is also required to power instruments 
and computers for analysis. 
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7.1.2 System components 
This system is structured by three main subsystems or phases which interact 
collectively to convert inputs of information, matter and energy into evidence based 
design specifications for sports wheelchair customisation. Each of the major 
subsystems is constrained by an input/output flow; as the output of each susbsystem 
must be transformed or processed in order to advance to the next subsystem or 
procedure phase. This is performed to achieve a systematic integrated procedure; 
although within each subsystem, not all the procedural components need to be 
effected linearly. Each of the subsystems and subsequent procedures are described 
below and also graphically represented in fig 7.1 of this Chapter. 
 
a) SUBSYSTEM 1: a planning phase, which major input is information and 
involves the following subcomponents: 
(i) Define user and sport requirements (– See Sections 2.1 – 2.3 in Chapter 2): 
• User anthropometric measurements such as lower and upper leg, arm 
length, trunk length and movement range including any postural tendency 
due to disability level. These measurements may also involve a current 
base wheelchair customised for the specific user. 
• Relevant ergonomics to be considered for the wheelchair athlete system, 
and activity - i.e. use of cushions, leg straps, trunk belts, gloves etc. 
• User’s game role activity and sport-specific wheelchair design constraints 
or trade-offs. - i.e. Offensive wheelchair rugby player must reach high for 
ball passes however, their seat must be as low as possible to increase 
stability and avoid tipping on contact with opponent.   
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(ii) Define performance objective functions: 
• A set of performance variables and a ranking strategy, established with the 
objective of improving a particular game task according to the 
performance objective of the individual user. For court-based wheelchair 
sports across all player classifications, the major variables of interest 
include ‘push phase acceleration from standing still position (ax), push 
phase velocity (vp), push phase cumulative velocity (vc), push time (tp), 
and recovery time (tr) – see Section 5.2.1 in Chapter 5. 
• The performance ranking system should be defined for each athlete’s role 
on court – i.e. for an offensive player, high (vc) would prevail or ranked as 
most important (first) filter over high (vp) or (ax) since these athletes cover 
more ground on court at high speeds - see Section 5.2.1 in Chapter 5. 
 
(iii) Design experimental plan: 
• Decide wether the experimental trials with the athlete and adjustable 
wheelchair frame will be conducted on court or in the laboratory and  
prepare the required instrumentation – i.e. mobile ergometer, static 
ergometer, adjustable wheelchair frame, video etc. - See Sections 2.5 in 
Chapter 2, and Section 4.3 in Chapter 4. 
• Identify the design and noise factors to be investigated during 
experimentation – i.e. For the rugby wheelchair problem this was 
performed through the QFD analysis and involved qualitative and 
quantitative data from a large sample (n=75) of athletes and wheelchair 
rugby experts to identify the 4 key design factors for investigation; seat 
height, seat depth, camber angle and wheel diameter – See Chapter 3 . 
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• Define experimental incremental (+/-) levels to test each key design factor 
selected – i.e. a dimensional change of 20-30mm in seat height can have a 
significant effect in  acceleration performance as shown in previous 
chapters - See section 5.2.2 in Chapter 5. 
• Select a Taguchi standard orthogonal arrays of experiments see - Section 
5.2.3. in Chapter 5. 
• Select an statistically viable sample size of data for each experimental 
treatment in the Taguchi array -  See section 5.2.4 in Chapter 5 
b) SUBSYSTEM 2: a treating phase, which as such, is comprised with the 
experimental trials and data management and analysis. The major input of this 
phase is matter and energy, and involves the following subcomponent or 
procedures: 
(i) Conduct experiments: 
• Embed the relevant user anthropometric and ergonomic measurements (or 
current custom wheelchair dimensions and comfort characteristics) into the 
adjustable wheelchair frame for a base design (level 0), from which the 
incremental changes due to experimental treatment will be performed. 
• Minimize any souce of variation or noise that has not been accounted for 
during the planning subsystem 1. Sources of variation can include 
inneffective force application due to lack of ergonomic fit, lack of friction 
between hands and handrim, added rolling resistance due to low tyre 
pressure or internal friction between components etc. 
• Conduct trial experiments according to the plan specified in the planning 
subsystem. Monitor closely experimental setup between treatments –i.e. 
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wheel alignment, symmetry in wheel distance at TDC (see Fig. 3.2 in 
Chapter 3) rolling resistance etc. 
(ii) Process and analyse experimental data: 
• Process experimental data output to obtain variables of interest specified in 
the objective function of the planning subsystem – i.e. (ax), (vc), (vp), (tp), 
(tr).  
• Further analyse performance data to identify performance thresholds, 
which will be used in combination with a predefined ranking system at a 
later phase, to identify predictions of high performance configurations. For 
this process, analysis of variance (ANOVA) and Tukey tests may be used 
– See section 6.1.2. 
• Apply Taguchi method and identify factors and levels to pursue for further 
analysis - See section 5.3.3. 
• Apply extension of the Taguchi method described in section 5.3.6, and 
identify the magnitude of the design factor’s contribution to performance 
through the coefficient of correlation r. Once leading factors and levels 
have been validated through the r coefficient, perform magnitude based 
inferences to identify if the contribution effect of the design factor is 
beneficial or harmful, and further select factors and levels for prediction of 
combined performance – see Sections 5.3.7. 
c) SUBSYSTEM 3: an evaluation phase, which relies on the input of 
information from the previous phase to develop a preferred design space, 
which ultimately will be evaluated against the performance thresholds and the 
user’s feedback to select a final design. An input of energy will also be used if 
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a confirmation experiment is required. This subsystem involves the following 
procedure components: 
(i) Identify preferred design space: 
• Predict performance average of the selected factor levels and populate the 
optimised array as done in section 6.1.1 in Chapter 6.  
• Utilize the performance thresholds from the ANOVA and Tukey tests 
(previously identified in subsystem 2), for filtering the performance 
predictions in the optimised array. At this point in the selection process, 
the design space would be narrowed down to the feasible high 
performance configuration options.  
• Subsequently, apply the developed performance ranking in subsystem 2 to 
identify the most favoured configuration options due to the high ranking in 
performance for the individual athlete’s role on court.  
• Finally, run a confirmation experiment and obtain athlete’s feedback on 
ergonomics, comfort, safety for selection of final design. When 
experimental data on one of the selected preferred design configurations, a 
confirmation experiment is not necessary.  
7.2.3 Outputs of the System 
The output of this system is primarily information in the form of: 
• Specifications of wheelchair design, which will ensure the requirements of 
ergonomics and performance objectives of an individual athlete are considered 
prior to manufacturing and purchase of the wheelchair – i.e. specific 
dimensions for the configuration of seat height, seat depth, wheel camber, and 
wheel diameter  
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In addition, other potential outputs may be available from the procedures performed 
within this system such as: 
• Athlete performance database – a set of performance data under different 
testing conditions, which can be beneficial to the athlete to understand his own 
performance in relation to manipulation of key design factors of the 
wheelchair. 
• Product architecture data – related to the performance achieved by used and 
variation of external wheelchair components such as different types of gloves 
or wheels. 
• Potentially, sport specific wheelchair design guidelines given the use of the 
method with a higher sample of athletes from different classifications 
participating on other sports. 
The most important aspect of this methodology is that it is based on performance data 
analysis for individual wheelchair users. This characteristic makes the method 
proposed very flexible to be used for other wheelchair design applications in other 
related research as long as the following key components are included in the analysis: 
• A performance function and a ranking system for assessment of performance 
variables of interest for a given game task 
• Collection of experimental data using an instrument where independent 
adjustment of multiple design  factors can be performed 
• Elite wheelchair sports athletes and elite custom-built wheelchairs. 
As detailed above, and based on the methodology procedures discussed throughout 
this thesis, Fig. 7.1 presents the graphical representation of the system described 
including major subsystems, components within each subsystem, inputs, outputs, and 
and flow constraints. 
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Fig 7.1 User-centred Performance Based Wheelchair Design Customisation Procedure
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Chapter Summary 
The wheelchair design customisation process presented in this chapter focused on 
describing and generalising the process involved in formulating a systems design 
approach to design customisation of sports wheelchairs capable of providing the most 
preferred wheelchair design specifications to satisfy requirements of ergonomics and 
performance objectives of an individual athlete. 
The study summarised in this chapter, and detailed throughout this thesis, and in 
particular through Chapters 5 and 6 aimed to improve the seating ergonomics of the 
participating rugby wheelchair athletes while performing a 14m linear sprint task. 
The characteristics of the methodology summarised in this Chapter, enable the 
knowledge of planning, testing, analysis, and evaluation of design, to be transferrable 
across different wheelchair sports disciplines and athletes of various classifications 
and competition levels. Further, as the proposed method can be used in conjunction 
with other instrumentation and data collection techniques; future research studying 
the effects of wheelchair ergonomics in athletic performance of manual wheelchair 
propulsion can benefit from utilization of the proposed method to analyse other 
research variables of interest across the broad field of sport wheelchair design and 
biomechanical analysis. 
 
 Chapter 8. Conclusions and recommendations for future research| 240 
Chapter 8. Conclusions and Recommendations for Future 
Research 
Chapter Introduction 
The aim of the current thesis was to investigate how the current design methods for 
sports wheelchair configuration could be systematically developed to optimise the 
seating ergonomics of the wheelchair and maximise the performance of elite athletes. 
This chapter aims to provide a clear response to each of the research questions 
delineated for this thesis and discuss how the thesis objectives have been achieved 
and reported in Chapters 3, 4, 5 and 6. In addition, this chapter discuss adoption of 
research methodology, implication of results as well as advantages and limitations of 
the case study presented. 
8.1 Review of research questions and thesis objectives  
This research project was undertaken with the aim to i) characterize the design and 
performance requirements that are most relevant for investigation, as well as the types 
of movements and roles that the athletes will need to perform, including any 
performance variables and wheelchair design in relation to the functional 
classification system for wheelchair rugby athletes (i.e. high, mid and low point class 
athletes); ii) investigate the most important rugby wheelchair performance in court 
and laboratory conditions to establish critical relationships between wheelchair design 
factors and the performance requirements for elite wheelchair rugby athletes; iii) 
identify the contribution of each design factor to the mobility performance of athletes, 
and the relevant design space for customisation of rugby wheelchairs for individual 
wheelchair rugby athletes; and, iv) formulate a systems design methodology for 
design customisation of sports wheelchairs that can be used to determine a wheelchair 
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design that best matches the performance and ergonomic requirements of the 
individual athlete. 
 
In Chapter 2, three research questions were formulated for resolution as vehicle to aid 
the successful achievement of this thesis’ objectives. The research questions, the 
methodologies utilized for resolution, and the principal findings achieved through 
providing a response to the research question; are detailed in the following 
subsections.  
8.1.1 Research question 1: Which wheelchair design parameters are 
perceived as most important in determining the performance of 
athletes under investigation? 
The first step taken in order to resolve this research question was to clearly define the 
characteristics of the user under investigation. Firstly, through the literature review 
discussed in Chapter 2, the general characteristics of elite wheelchair rugby athletes 
were defined. In this case, the general sample group comprised three main sport 
classification groups; those are low, mid, and high point athletes. The second step was 
to characterise the user requirements of performance and wheelchair design that are 
important to the athletes of interest. For this purpose, the literature was reviewed, 
games were recorded and analysed, and interviews were performed with wheelchair 
rugby coaches and athletes to provide insight on the performance requirements of 
blockers, stickers and strategic game roles; in addition to low, mid and high point 
wheelchairs, and athletic characteristics typical of athletes within the three main 
classification groups. Once characteristics of wheelchair design and requirements of 
performance were delineated, a high number of parameters of interest were identified. 
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Lastly, in order to answer the first research question of which wheelchair design 
factors that are most important in determining the performance of athletes under 
investigation; the most outstanding requirements of wheelchair design and 
performance were systematically obtained for the three main categories of athletes 
through the Qualitative Function Deployment method that was applied and reported in 
Chapter 3. This user-centred methodology allowed research reported in further 
chapters to focus on the four design factors that were consistently considered critical 
for determining performance by the surveyed athletes across all classification groups, 
these are: 
a) seat height  
b) horizontal position of the seat in relation to the main wheel axle  
c) camber angle  
d) wheel diameter  
Furthermore, findings of the QFD also clarified that characterization of performance 
variables related to mobility performance of sprint and agility tests, were required, as 
they were found to be of high significance for all players with small fluctuations in 
weighted importance across classification categories or role on court.  
The findings discussed above represent the successful completion of the first 
objective delineated for this thesis:  
(i) to characterize the design and performance requirements that are most 
relevant for investigation, as well as the types of movements and roles that 
the athletes will need to perform, including any performance variables and 
wheelchair design in relation to the functional classification system for 
wheelchair rugby athletes (i.e. high, mid and low point class athletes). 
The second objective of this thesis, which was: 
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(ii) to investigate the most important rugby wheelchair performance in court 
and laboratory conditions to establish critical relationships between 
wheelchair design parameters and the performance requirements for elite 
wheelchair rugby athletes;  
 
was achieved successfully through the research reported in Chapter 4. This chapter 
demonstrates data collection techniques for on-court testing, using lightweight 
accelerometers and gyroscopes (which are accessible to the athletes and coaches 
though mobile phones) attached to the wheelchair, to collect sprint and agility data.  
 Experimentation in laboratory conditions was performed by translating the 
dimensions currently embedded in the individual athlete’s custom-made sports chair, 
into a newly designed multi-parameter adjustable wheelchair frame used in 
conjunction with a wheelchair ergometer; to analyse the influence of dimensional 
increments in design parameters on athlete’s performance. 
The experimental process under both environments analysed the performance of 
wheelchair rugby athletes under linear sprint and agility training conditions.  
The most significant findings of this experimental process were:  
a) the data collection and processing techniques delineated for viability of statistical 
significance without incurring energy expensive experiments which can result in 
variability of data sample due to fatigued athletes;  
b) definition of objective variables for evaluating the performance of the linear 14m 
sprint test and the Illinois agility test, which involve the most important rugby 
wheelchair game dynamics including acceleration from stand still, velocity and 
turning performance. The variables defined included mean acceleration and velocity 
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of the pushing phase, instantaneous radii, and tangential velocities of the turning 
chair;  
c) marginal dimensional levels (increments) of wheelchair design parameters at which 
the four design factors previously specified can result in statistical significance across 
the wide sample group of athletes, this finding is critical for the investigation of multi-
parameter variance effect on the individual athlete’s performance. 
8.1.2 Research question 2: Is it possible to quantify the contribution of 
wheelchair design parameters of rugby wheelchairs to the 
performance of athletes?? 
As explained in the introductory Chapter of this thesis, wheelchair configuration 
involves a well known trade-off effect between ergonomics and performance [14], 
where an adjustment made to a wheelchair to aid an athlete’s comfort can have a 
detrimental influence upon that athlete’s performance during a specific task. Equally, 
an adjustment to improve performance can reduce an athlete's comfort and possibly 
compromise the athlete’s endurance during competition. The findings obtained 
through achieving the first and second objectives of this thesis, reiterated the need to 
tune-in the wheelchair design to the ergonomic requirements of each athlete tested, 
and to analyse the performance according to individual athletic and functional 
capacity input. Hence, in order to address this research question, a user-centred focus 
was imperative in investigation of the combined effect of various wheelchair designs 
on the performance obtained through multi-parameter testing.  
To quantify the individual trade-off effect of ergonomics on performance, 
experimental data analysis focused on the identification of the individual design 
factors contribution on the combined performance effect for the variables of mean 
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acceleration, mean velocity, and elapsed time of the push propulsion phase; as well as 
the time spent in recovery for individual athletes. The knowledge of design factor 
contributions was important in filtering any design factors adding a detrimental or 
insignificant (positive or negative) effect on overall performance of the athlete. This 
in turn allowed narrowing down the possible wheelchair configurations influencing 
performance, which are obtained by combining of all possible design factors at 
different levels.  
The response to this research question was possible through the applicability and 
extension of the Taguchi method, which was explained in Chapters 5 and 6. The most 
outstanding finding provided by this piece of research was the accomplishment of the 
third objective of this thesis, defined as:  
(iii) identify the contribution of each design parameter to the mobility 
performance of athletes, and the relevant design space for customisation of 
rugby wheelchairs for individual wheelchair rugby athletes;  
Further findings related to this research objective include definitions of systematic 
procedures related to analysis and development of current methodology extensions, 
multi-parameter testing, designs of experiments and performance rankings and user-
centred wheelchair evaluation methods.  
8.1.3 Research question 3: How can we systematically relate 
wheelchair design and athlete performance qualities to 
determine a set of design values for the design of an individual 
high performance ‘wheelchair-athlete’ system? 
The resolution of this research question assists the achievement of the last and main 
objective of this thesis: 
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formulate a systems design methodology for design customisation of sports 
wheelchairs that can be used to determine a wheelchair design that best matches the 
performance and ergonomic requirements of the individual athlete.  
 
With the methodology presented in Chapter 7 summarising the procedures involved in 
the design customisation of sports wheelchairs for elite wheelchair rugby athletes 
across the three main classification categories, the research objectives are well met.  
The achievement of this thesis objective is based on a throughout analysis of all the 
methodology applied for the development of the research described in this thesis and 
primarily, based on the methodology presented in Chapter 6, where the steps to 
identify a feasible design space for individual athletes were explained. Firstly, to 
reach a high performance design space, a comprehensive performance assessment 
system was required; the performance ranking for the assessment of design 
combinations of the investigated task (14m-sprint test) prioritized the parameter of 
velocity, with high values of  and  ranked as primary for selection of high 
performance wheelchair configurations. Subsequent combinations of high 
performance designs included optimised combinations exhibiting high accelerations, 
low push time and low recovery time values. 
8.2 Limitations of the current study and recommendations for 
future work 
The main limitations of the current study are related to the fact that maneouvrability 
performance has not been fully adressed for optimisation of ergonomics. Hence, 
performance requirements of some of the athletes, particularly within the mid point 
vp vc
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range category have not been properly attended due to limitations of experimental 
instruments. Although intended, it was not viable to perform tests on court using the 
multi-parameter adjustable wheelchair frame because due to the full adjustability 
capacity of the instrument, the frame was over-engineered for court testing; much 
heavier and less compact than a normal game wheelchair representing extra energy 
expenditure for the user and higher energy losses in the system. This would result in 
greater noise for the Taguchi analysis and likely to significantly hinder the overall 
performance of the athlete and quality of collected data. Nonetheless, sprinting 
performance was found to be of primary importance across athletes of all 
classifications; hence, this study focused on analysing a sprint tasks in the controlled 
laboratory environment with the instruments that were available to the project, and as 
a result, it achieved the intended improvement of ergonomics related to linear 
performance. The methods of testing and analysis demonstrated throughout the agility 
performance analysis in Chapter 4, can serve as base for further research utilising 
mobile ergometers for court testing in conjunction with state of the art adjustable 
equipment; to ultimately be able to measure, analyse and optimise manoeuvrability as 
well as linear performance of athletes under realistic court conditions. 
Although there are current limitations in correlating and translating the experimental 
data obtained in this study to game-related behaviour, the applicability and use of the 
formulated method is breakthrough research in the field of wheelchair design. Manual 
wheelchair propulsion specialists can benefit greatly from the novel approach 
proposed to further extend the current body of knowledge in the area of wheelchair 
propulsion biomechanics, where the effects of ergonomics on athletic performance are 
studied in full depth within the athlete’s physiology and kinematic performance. 
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In addition, the wheelchair design customisation procedure proposed can provide 
manufacturers and designers with an intelligent tool to deliver a fully customised 
product design in terms of anthropometric and performance attributes for the varied 
requirements of the general community of wheelchair athletes.  
Further, now that an integrated method of analysis of all confounding variables in the 
design of customised sports wheelchairs is available; and is robust enough to be 
capable of analysis of several performance indicators of interest with a strong focus of 
user requirements; new and innovative independent field research within the domain 
of wheelchair usability and sports could produce very interesting opportunities and 
outcomes for future research. The development of sport wheelchair products requires 
to be approached with a systems engineering strategy where a multidisciplinary team 
can focus on exploring usability of the wheelchair and interaction with the athlete to 
the full extent of variables, and capabilities through different areas of the system to 
ultimately provide a systematic holistic and high end product that truly meets the 
needs and requirements of the user.  
8.3 Significance of This Dissertation 
The work presented in this research makes three principal contributions to the 
wheelchair sports and wheelchair design communities: 
 
1) This is the first study that demonstrates the intricate problem of wheelchair 
design from a systems engineering approach to suit requirements of 
performance of individual athletes. To our knowledge there is no existing 
research that explicitly identifies the individual contribution and magnitude of 
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the effect caused by design variants of the wheelchair, to any mobility 
performance kinematic variable. This is of utmost importance for wheelchair 
sports athletes, coaches and designers to verify initial observations of design 
for performance and to gain the required knowledge for the progressive 
optimisation of wheelchair design. 
 
2) The research presented here, has re-written and expanded beyond current 
textbooks, the widely used Taguchi analytical procedures of robust design to 
allow: 
- The advancement of currently available wheelchair design methods 
through repeated experiments with human-machine systems by utilising 
user feedback as noise factors, and by minimizing the number of required 
experiments; not only with the use of Taguchi’s orthogonal arrays, but 
further processing arrays output data to assess performance based on the 
push phase and recovery phase of each propulsion cycle. 
- Analysis of the so called by athletes ‘trade-off’ design effect, which is 
present when of two or more design factor levels showcase significant 
contribution to performance but are insignificant between each other. This 
analysis made through probability-based and mechanistic inferences shows 
how likely it is that another level improves the performance over another. 
Magnitude based inferences in this application are important, as in the 
field of sports, one-hundredth of a second or even one-hundredth of a 
millimetre can provide the winning edge.  
- A design selection procedure comprised a 4–stage filtering process 
involving goodness of fit, mechanistic inferences, high performance 
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thresholds, performance ranking system for each game role and finally 
end-user ergonomic feedback. 
 
3) This research has developed, demonstrated, and validated a new advanced 
method for enabling the measurement of turning velocity and turning radius 
enabling wheelchair sports coaches and athletes to draw conclusions and 
compare agility performance on court across athletes of different sports 
classifications.  
Chapter Summary 
This thesis presented an original contribution to the body of knowledge in the field of 
wheelchair customisation for wheelchair sports athletes.  
The systematic application of all the methods used in this thesis and the user-centred 
approach focus of this investigation enables the knowledge of testing and analysis to 
be transferrable across different wheelchair sports disciplines or other game tasks as 
long as the objective performance function is clearly established taking into account 
all of the relevant areas of athletic performance for the specific sport application. 
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APPENDIX A: Calibration of minimax: Extract from Catapult Sports – Logan 
Help v4.6 Release [125]. 
 
9 Calibration 
 
9.1  Inertial Sensors 
Our experience is that the inertial sensors in the minimax don’t need to be recalibrated after their factory 
setting.  However for some special applications or studies you may with to recalibrate. The following  
process describes a way to calibrate the accelerometers and gyroscopes in the minimaxX device. You  
will need a calibration jig which can be purchased from Catapult. You will need the minimaxX device,  
and  the optional calibration jig accessory.  
 
• Turn the minimax ON and then Insert it into the calibration jig  
• Start Logan Software, go to the Settings tab and switch the sport to Rowing mode.   
• Restart LoganPlus and then plug the USB cable of the calibration jig into the PC. 
• Open the Diagnostics screen. Click on the COMM port drop down box, select the minimax and  
click “Cable Connect”  
• You will see that the minimax is connected when you notice scrolling inertial sensor graphs (Note
 that it may take up to 10s before data streams are visible in the graphs)  
• Run the calibration routines (AS DESCRIBED ON THE FOLLOWING PAGES)  
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9.1.1  Accelerometer calibration routine 
STEP 1: Orient unit as shown:  
    STEP 2: Click “+g” beside “FWD” on acceleration graph:  
  
 
STEP 3: Orient unit as shown:  
STEP 4: Click – g beside “FWD” on acceleration graph:  
  
 
STEP 5: Orient unit as shown:  
STEP 6: Click –g beside “Left” on Acceleration graph:  
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 STEP 7: Orient the unit as shown   
STEP 8: Click “+g” beside “Left” on acceleration graph:  
  
  
STEP 9: Orient unit as shown:  
STEP 10: Click “+g” beside “Up” on acceleration graph:  
  
  
STEP 11: Orient unit as shown:  
STEP 12: Click – g on acceleration graph beside “Up”:  
  
END OF ACCELEROMETER CALIBRATION ROUTINE  
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 9.1.2 Gyroscope Calibration Routine 
  
STEP 1: Tape a ruler securely to a flat surface.   
STEP 2: Orient the unit as shown with the calibration jig edge against the ruler:  
STEP 3: Press ““Set Zero” beside “Roll” on gyroscope graph:   
   
  
STEP 4: Rotate the device in a smooth motion around the right hand edge by 90 degrees bringing it to  
rest against the ruler as shown:  
   
 
STEP 5: Click ““Set Gain”” beside “Roll” on Gyroscope graph:  
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STEP 6: Orient unit as shown:  
STEP 7: Click “Set Zero” beside “Yaw” on Gyroscope graph:  
                                                                     
  
STEP 8: Rotate device about the Right hand edge against the ruler by 90 degrees to the position shown:  
STEP 9: Click ““Set Gain”” beside “Yaw” on the Gyroscope graph.  
  
  
STEP 10: Orient the unit as shown:  
STEP 11: Press ““Set Zero”” beside “Pitch” on the gyroscope graph  
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STEP 12: Rotate the unit about the right hand edge resting against the ruler by 90 degrees to the position 
shown:  
STEP 13: Click “Set Gain” on the beside “Pitch” on the gyroscope graph:  
  
  
END OF GYROSCOPE CALIBRATION ROUTINE  
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9.1.3  Magnetometer calibration routine 
Click the checkbox marked “auto” next to the magnetometer trace on the Diagnostic page. Ensure the  
minimaxX device is not near a magnetic source (TV, speakers, monitors etc.).  
Rotate the minimaxX in its calibration jig with your hand through all angles (in other words hold it in  
your hand and spin it through as many angles as possible. You don’t have to use quick motion it can be  
as slow as you like).  Continue to do this until the magnetometer graphs show a consistent response (ie  
they stop re scaling).  
 
 
  
 END OF MAGNETOMETER CALIBRATION ROUTINE  
  
Press disconnect and unplug the USB connection from the PC.  
 _______________________________________________________________________________ 
Catapult, LoganPlus, minimax and Player Load are a trademarks of Catapult Sports  Pty Ltd.  
Sportscode is a trademark of Sportstec, Australia  
Firstbeat is a trademark of FirstBeat Technologies, Finland  
Wearlink and T31c are trademarks of Polar electro, Finland  
Copyright 2011  
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APPENDIX B: Data for Validation of the Method for determining the 
instantaneous radius and tangential velocity of a turning wheelchair 
Section 4.1.3.3  
Court circumference verification: A rugby wheelchair, instrumented as shown in Fig. 4.4 was moved 
twice around the circumference of a circle (720 degrees), stopwatch time was obtained whilst moving the 
wheelchair at different velocities around circles of diameters of 2.16m, 1.36m and 0.72m; The data 
obtained is shown in Table A1, and plotted in Fig. A1 and Fig. A2 below. 
Table A1. Court circumference verification data 
Data Ref. # 
Testing Condition Stopwatch Minimaxx 
Radius 
(m) 
Circumference 
(m) 
Time 
(s) 
Mean Velocity 
(m/s) 
Mean Rc 
(m) 
Mean V 
(m/s) 
14/04/2010-1 2.163 13.587 24.220 1.122 2.416 1.377 
14/04/2010-2 2.163 13.587 14.600 1.861 1.498 1.493 
14/04/2010-3 1.363 8.561 16.330 1.048 1.423 1.234 
14/04/2010-4 1.363 8.561 9.860 1.736 1.271 1.784 
14/04/2010-5 0.720 4.524 11.900 0.760 0.945 1.065 
14/04/2010-6 0.713 4.477 6.770 1.323 1.001 1.925 
16/04/2010-1 2.163 13.591 31.900 0.852 2.089 0.899 
16/04/2010-2 2.163 13.591 37.450 0.726 2.357 0.893 
16/04/2010-3 1.363 8.564 22.910 0.748 1.770 0.964 
16/04/2010-4 1.363 8.564 32.810 0.522 1.877 0.752 
16/04/2010-5 0.713 4.480 12.960 0.691 1.269 1.123 
16/04/2010-6 0.720 4.524 21.420 0.422 1.505 0.782 
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Fig. A1: Method calculated radius vs. measured radius 
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Fig. A2: Method calculated velocity vs. velocity from stopwatch data 
Polishing machine verification: The accelerometer was placed on the turntable of a polishing machine 
that was rotated at 50, 55, 60, 65 and 70 rpm with the accelerometer unit of the sensor placed at a 
distance of 100 mm from the rotation centre as shown in the diagram in Fig A3.  
  
Fig A3. Polishing machine top view 
d = 0.03m 
(approx. – based on 
sensor location in Fig A4) 
Ø 0.250m 
Rc = 0.1m 
Minimaxx 
0.01m 
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Fig A2. Minimaxx sensor location 
The data recorded and calculated is presented in Table A2 below and plotted in Fig. A3.  
Table A2. Polishing machine verification data 
Data Ref. # 
Testing conditions Minimaxx, d = 0.03 
Speed RPM rc (m) Mean Velocity rc v 
20/04/2010-3 50 0.1 0.524 0.076 0.531 
20/04/2010-4 50 0.1 0.524 0.076 0.529 
20/04/2010-5 55 0.1 0.576 0.079 0.598 
20/04/2010-6 55 0.1 0.576 0.079 0.603 
20/04/2010-7 60 0.1 0.628 0.079 0.646 
20/04/2010-8 60 0.1 0.628 0.078 0.646 
20/04/2010-9 65 0.1 0.681 0.087 0.694 
20/04/2010-10 65 0.1 0.681 0.078 0.702 
20/04/2010-11 70 0.1 0.733 0.078 0.734 
20/04/2010-12 70 0.1 0.733 0.078 0.741 
 
Accelerometer 
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Fig. A3. Method calculated velocity vs. verification test velocity conditions 
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APPENDIX C: Taguchi Results for Complete Sample of Athletes 
Significant factors and high performance design combinations for all participating athletes are presented 
in numeral 1 to 5 (numeral per athlete) of this appendix. Significantly higher performance parameters are 
identified in bold font. The underlined italic font indicates only high (but no significant) values of 
specific performance parameters that are relevant to take into consideration even when significant values 
were not found. 
1. LP1  
Table 5.10-1. Hopkins scale ranking of design factor effect on performance for athlete LP1.  
Correlation Coefficient (r) Descriptor      
0.0-0.1 trivial, very small, insubstantial, tiny, practically zero      
0.1-0.3 small, low, minor      
0.3-0.5 moderate, medium  C, D C, D C, D A  
0.5-0.7 large, high, major  A B  B  
0.7-0.9 very large, very high, huge    A   
0.9-1 nearly, practically, or almost: perfect, distinct, infinite       
Table 6.3-1. High performance design space for athlete LP1 
axp vp tp tr vc
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Predicted 
Preferred 
Array 
FACTOR (Levels) Predicted Performance Average  14m-Sprint Performance Advantage for each design combination: 
A 
(1,2) 
B 
(2,3) 
C 
(1,3) 
D 
(1,2) 
     
 
1 2 3 
(m/s2) (m/s) (s) (s) (m/s) 
 high  
high 
 
high or 
high & 
low  
low 
 
LO2 2 2 1 2 1.539 0.230 0.154 0.356 2.950 2  *  
LO3 (T) 2 2 3 1 1.600 0.233 0.157 0.349 3.125 2  *  
LO4 2 2 3 2 1.623 0.221 0.139 0.357 2.891 2  *  
LO5 2 3 1 1 1.584 0.258 0.169 0.349 3.198 1,2 * *  
LO6 (T) 2 3 1 2 1.608 0.246 0.152 0.356 2.963 2  *  
LO7 2 3 3 1 1.668 0.248 0.154 0.350 3.138 2  *  
LO8 2 3 3 2 1.691 0.236 0.137 0.357 2.904 2  *  
LO13 1 3 1 1 1.332 0.261 0.198 0.338 3.335 1,3 *  * 
LO14 1 3 1 2 1.355 0.249 0.181 0.345 3.100 1,3 *  * 
LO15 1 3 3 1 1.415 0.252 0.184 0.339 3.275 1,2,3 * * * 
LO16 1 3 3 2 1.438 0.239 0.166 0.346 3.041 2,3  * * 
(T) Indication for tested design combination array through L9 experimental tests.  
axp vp tp tr vc
vc
vp
axp
axp
tp
tr
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2. LP2  
Table 5.10-2. Hopkins scale ranking of design factor effect on performance for athlete LP2.  
Correlation Coefficient (r) Descriptor      
0.0-0.1 trivial, very small, insubstantial, tiny, practically zero      
0.1-0.3 small, low, minor      
0.3-0.5 moderate, medium  A A,B,C C,D A,C A 
0.5-0.7 large, high, major  C  B B B 
0.7-0.9 very large, very high, huge       
0.9-1 nearly, practically, or almost: perfect, distinct, infinite       
 
Table 6.3-2. High performance design space for athlete LP2 
Predicted 
Preferred 
Array 
FACTOR (Levels) Predicted Performance Average  14m-Sprint Performance Advantage for each design combination: 
A 
(1,2) 
B 
(1,2,3) 
C 
(2,3) 
D 
(2) 
     
 
1 2 3 
(m/s2) (m/s) (s) (s) (m/s) 
 high  
high 
 
high or 
high & 
low  
low 
 
LO2 1 1 3 2 1.475 0.321 0.217 0.457 3.962 2,3  * * 
LO3 2 1 2 2 1.439 0.317 0.215 0.462 4.429 1,2 * *  
LO4(T) 2 1 3 2 1.563 0.347 0.220 0.495 4.283 1,2,3 * * * 
LO5(T) 1 2 2 2 1.324 0.267 0.199 0.415 4.115 1 *   
LO6 1 2 3 2 1.447 0.298 0.204 0.448 3.969 2,3  * * 
LO7 2 2 2 2 1.412 0.293 0.202 0.454 4.436 1,2 * *  
LO8 2 2 3 2 1.535 0.324 0.207 0.486 4.290 1,2 * *  
LO10 1 3 3 2 1.509 0.294 0.195 0.404 3.371 2  *  
LO11 2 3 2 2 1.473 0.290 0.194 0.410 3.838 1,3 *  * 
LO12 2 3 3 2 1.597 0.320 0.199 0.443 3.692 1,3 *  * 
(T) Indication for tested design combination array through L9 experimental tests. 
  
axp vp tp tr vc
axp vp tp tr vc
vc
vp
axp
axp
tp
tr
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3. MP1 
Table 5.10-3. Hopkins scale ranking of design factor effect on performance for athlete MP1.  
Correlation Coefficient (r) Descriptor      
0.0-0.1 trivial, very small, insubstantial, tiny, practically zero           
0.1-0.3 small, low, minor     D     
0.3-0.5 moderate, medium  A,C C A A,B,D A,C 
0.5-0.7 large, high, major  B   B   B 
0.7-0.9 very large, very high, huge            
0.9-1 nearly, practically, or almost: perfect, distinct, infinite            
 
Table 6.3-3 High performance design space for athlete MP1 
Predicted 
Preferred 
Array 
FACTOR (Levels) Predicted Performance Average  14m-Sprint Performance Advantage for each design combination: 
A 
(1) 
B 
(1) 
C 
(3) 
D 
(1) 
     
 
1 2 3 
(m/s2) (m/s) (s) (s) (m/s) 
 high  
high 
 
high or 
high & 
low  
low 
 
LO1 1 1 3 1 3.194 0.373 0.099 0.231 5.097 1,2,3 * * * 
  
axp vp tp tr vc
axp vp tp tr vc
vc
vp
axp
axp
tp
tr
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4. HP1 
Table 5.10-4. Hopkins scale ranking of design factor effect on performance for athlete HP1 
 
Table 6.3-4 High performance design space for athlete HP1 
Predicted 
Preferred 
Array 
FACTOR (Levels) Predicted Performance Average  14m-Sprint Performance Advantage for each design combination: 
A 
(2) 
B 
(1,2) 
C 
(1,2,3) 
D 
(1) 
     
 
1 2 3 
(m/s2) (m/s) (s) (s) (m/s) 
 high  
high 
 
high or 
high & 
low  
low 
 
LO1 2 1 1 1 3.279 0.420 0.128 0.308 5.188 1,2,3 * * * 
LO2 2 1 2 1 3.310 0.421 0.259 0.307 5.096 1,2,3 * * * 
LO3 2 1 3 1 3.647 0.461 0.128 0.326 5.654 1,2,3 * * * 
LO4 2 2 1 1 3.260 0.415 0.126 0.311 5.144 1,2,3 * * * 
LO5 2 2 2 1 3.291 0.416 0.127 0.311 5.052 1,2,3 * * * 
LO6(T) 2 2 3 1 3.628 0.456 0.126 0.329 5.610 1,2 * *  
(T) Indication for tested design combination array through L9 experimental tests. 
  
axp vp tp tr vc
vc
vp
axp
axp
tp
tr
Correlation Coefficient (r) Descriptor      
0.0-0.1 trivial, very small, insubstantial, tiny, practically zero           
0.1-0.3 small, low, minor           
0.3-0.5 moderate, medium  B,C,D C,D   C A,C 
0.5-0.7 large, high, major  A     B   
0.7-0.9 very large, very high, huge    A B     
0.9-1 nearly, practically, or almost: perfect, distinct, infinite            
axp vp tp tr vc
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5. HP2 
Table 5.10-5. Hopkins scale ranking of design factor effect on performance for athlete HP2 
 
Table 6.3-5 High performance design space for athlete HP2 
Predicted 
Preferred 
Array 
FACTOR (Levels) Predicted Performance Average  14m-Sprint Performance Advantage for each design combination: 
A 
(2) 
B 
(1,2) 
C 
(2) 
D 
(2) 
     
 
1 2 3 
(m/s2) (m/s) (s) (s) (m/s) 
 high  
high 
 
high or 
high & 
low  
low 
 
LO1(T) 2 1 2 2 3.179 0.397 0.116 0.299 4.429 1,2 * *  
LO2 2 2 2 2 3.341 0.387 0.088 0.257 4.176 2,3  * * 
(T) Indication for tested design combination array through L9 experimental tests. 
 
axp vp tp tr vc
vc
vp
axp
axp
tp
tr
Correlation Coefficient (r) Descriptor      
0.0-0.1 trivial, very small, insubstantial, tiny, practically zero           
0.1-0.3 small, low, minor           
0.3-0.5 moderate, medium  A,B,D B,D   A A,B,D 
0.5-0.7 large, high, major       B,C   
0.7-0.9 very large, very high, huge            
0.9-1 nearly, practically, or almost: perfect, distinct, infinite            
axp vp tp tr vc
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